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Abstract 
Hydrophobic and hydrophilic properties are imparted on solid surfaces to enhance the 
properties of surfaces. From over a decade several methods have been employed to 
impart thin film coatings onto surfaces. Apart from different polymerization methods, 
admicellar polymerization process was implemented to impart enhanced properties to 
selected solid surfaces.  
Admicellar polymerization (AP), a surface analogue of emulsion polymerization was 
used to develop film coatings on surfaces. AP follows three basic steps. First step is 
adsorption of surfactant molecules on to surface. The second step is adsolubilization of 
monomer into adsorbed surfactant molecules on surface. The next step is to initiate 
reaction and once the polymer is formed, modified surfaces are rinsed for removal of 
excess surfactant. Development of a system for AP involves measurement of surfactant 
adsorption and adsolubilization or partitioning of monomer into adsorbed structures.  
Two-site adsolubilization model and binary adsolubilization models were used to 
calculate the size of surfactant aggregates over the surface of solids. High performance 
liquid chromatography (HPLC) analytical technique was used to obtain the adsorption 
and adsolubilization measurements. We have to modify the two-site adsolubilization 
model to fit for the surfaces we have used. Adsolublized monomers were polymerized 
to form thin film coatings on surfaces. The modified solid surfaces were analyzed using 
different analytical techniques SEM, EDS, TGA, BET, FTIR to confirm the polymer 
formation. Hydrophilic and hydrophobic properties are tested with respective test 
methods depending on what type of surface used.  
 
1 
Chapter 1 
1.1 Introduction 
Surface modification of a substrate is a significant and multipurpose method for 
creating materials with enhanced performance in some specific areas. Materials 
modified so possess surface properties that are different from their bulk properties. For 
example, application of a low surface energy fluorochemical film can reduce friction, 
inhibit adhesion, and impart water repellency. Over past few decades, superhydrophobic 
and superhydrophilic films were constructed by different components on substrate 
surfaces to increase their commercial potential. The components are structured with 
different materials including monomers, polymers and surfactants. Individual 
components do not possess the properties of superhydrophilic and superhydrophobic, 
but combination of components enhances the surfaces. Coatings on solid surfaces 
benefit from both film constructions and nanounit functionalities. Fabrication of thin 
films on substrate surface is an excellent scheme to fulfill the requirement of connecting 
units with distinctive properties to the outside world. Thin film coatings in particular 
represent the interface between the product and the environment and therefore 
determine aesthetic aspect of goods but also important specific properties such as anti-
corrosion, self-cleaning, chemical and scratch resistance. Individual molecules can be 
arranged such that the thin film coatings will have ability to increase hydrophobicity or 
hydrophilicity, corrosion resistance, flexibility of materials. Thin film development on 
surfaces of solids improves the properties and application of solids to multiple fields. 
Thin films on solids can be developed using methods like vacuum deposition, spray 
coatings, electrochemical deposition, layer-by-layer deposition, ion-assisted 
2 
technologies, plasma etching, and surface initiated polymerization mechanisms. Thin 
films prepared from the above-mentioned techniques might deteriorate the surface, 
requires equipment modifications, increase in cost of treatment and other disadvantages 
apply. Substrate surfaces should be modified with thin films at reduced cost and 
minimal amounts of chemicals to achieve enhanced properties. Emulsion 
polymerization, one of the most common industrial processes is being used to produce 
thin films on surfaces on any scale. Emulsion polymerization belongs to the class of 
heterophase polymerization mechanism can be defined in a general way as 
polymerization or copolymerization in aqueous systems of any combination of 
monomers. The polymerization leads to formation of water-insoluble polymers or 
copolymers in the form of individual polymer particles with a size distribution of 
diameters less than 10μm. Any kind of polymerization mechanism can be employed 
provided the initiation mechanism is stable in water. The principal advantages of 
emulsion polymerization include rapid polymerization, low viscosities and presence of 
dispersion medium. These qualities can be found in admicellar polymerization. In 
admicellar polymerization, surfactants adsorbed on a surface have been utilized as a 
guide for polymerization to alter the surface properties. 
Admicellar polymerization, a surface analogue of emulsion polymerization has been 
used to develop polymer films on different substrate surfaces such as polystyrene on 
silica[1], alumina[2, 3], cotton[4, 5], styrene-isoprene copolymer on glass fiber[6], 
poly(methylmethacrylate) on alumina metal[7], polypyrrole on mica[8], 
polyacrylonitrile on carbon nanotubes[9]. Le applied a fluoropolymer to aluminum 
plates by admicellar polymerization to block corrosion in crevices[8]. The 
3 
polymerization method is simple with low energy consumption and when used on to 
fabrics it will retain its feel and softness, as the polymer films formed were order of 10-
100 nanometer thickness. 
 
 
Figure 1. The process of admicellar polymerization [57] 
Admicellar polymerization is a three-step process; in the first step surfactants are 
adsorbed on the fabric and monomers are adsolubilized are incorporated into the 
surfactant layer; in the second step the monomers are polymerized to give the polymer 
film with the desired properties and the third step consisted of rinsing of the fabric 
samples to remove the excess surfactant adhering to the surface. As shown in Figure 1, 
4 
adsorption of surfactants and adsolubilization of monomer are the crucial steps in the 
process. Figure 2 shows the adsorption isotherm of surfactant. Equilibrium supernatant 
concentration of surfactants were plotted against surfactant adsorbed to obtain the 
amount of surfactant adsorbed on the substrate surface. Adsolubilization can be defined 
as the excess concentration of a species at an interface in the presence of an admicelle 
that would not exist in absence of admicelle. Some earlier work had reported the 
behavior of surfactant adsorption and adsolubilization on surfaces like precipitated 
silica[10-12], alumina[3, 13-17], cellulosic surfaces[18]. The study of adsorption and 
adsolubilization of surfactants is used to identify optimum concentration and can be 
used in estimating the amount of polymer layer formed on substrate surface.  
 
Figure 2. Representation of adsorption isotherm of surfactants [57] 
1.2 Organisation of Dissertation 
The objective of the research is to utilize admicellar polymerization (AP) to develop 
formulations to obtain thin film coatings on the substrate surfaces. The solid surfaces 
used here are cotton and multi-walled carbon nanotubes. Both the surfaces of solids are 
5 
of different structure. The limitations to develop formulations were utilize commercially 
available chemicals, utilize minimal amount of chemicals, highly efficient properties 
without disturbing the structure of the substrate surface.  
The dissertation is divided into two parts. In part I, is about developing thin film 
coatings to cotton fabric to obtain stain resistant/stain release properties. Cotton has 
been widely used material to make garments and fabrics for many years. Cotton is more 
comfortable to wear compared to synthetic fibers and materials and widely used in 
manufacturing a variety of fabrics and garments such as clothing, draping, upholstery 
accessories and so on. Due to its chemical structure, which consists mainly of cellulose, 
it is very absorbent. Enhancing the properties of cotton by imparting stain resistant/stain 
release properties can extend its usage. Part I contains three chapters. Chapter 2 
describes the study of adsorption and adsolubilization measurements on cotton fabric. 
Adsorption isotherms for the fluorosurfactants and adsolubilization data for the 
monomers were developed to obtain the amount of chemicals adsorbed on the cotton 
surface. Aggregation numbers of fluorosurfactants were calculated using the two-site 
adsolubilization model. Chapter 3 describes formulations developed to obtain thin film 
coatings on the cotton surface. Admicellar polymerization method was used to develop 
the thin film coatings on cotton fabric and characterized using different analytical 
techniques like SEM, EDS, tensile test measurements, stain recovery and stain release 
tests. The samples prepared with our formulations were tested with commercially 
available samples to analyze the performance. Chapter 4 describes the scale up of 
process from laboratory scale to pilot scale unit. Laboratory pilot scale unit Werner 
Mathis Labomat, was used to scale up the process. The interesting problem here is the 
6 
mixing of the system. The mixing in the system resembles a rocking reactor. Equations 
were developed based on the inclination and position of the reactor to obtain the optimal 
mixing characteristics. Experiments were conducted with the optimal mixing 
parameters to analyze the performance of the cotton fabric.  
Part II is about the development of thin film coatings to multi-walled carbon nanotubes 
to develop a nanocomposite, which has hydrophilic properties. Carbon nanotubes 
(CNTs) are ideal reinforcing fibers for composites because of their high aspect ratio, 
high mechanical strength, and high electrical and thermal conductivity. Unfortunately, 
bundling due to intertube van der Waals and solvophobic interactions impairs many 
applications. As one approach, development of polymer coatings with hydrophilic 
properties on the surface of nanotubes might facilitate redispersion/solubilization of 
MWCNTs in aqueous media without any external means. Such modification of 
MWCNTs could more easily extend the application to multiple fields. Chapter 5 
describes the development of formulation to obtain thin film coatings on the MWCNTs 
surface. In the development of formulation, we used modified admicellar 
polymerization technique to obtain the coatings on the surface. Adsorption isotherms 
and adsolubilization data were obtained for the surfactants and monomers used. We 
modified the two-site adsolubilzation model to obtain the aggregation number of 
surfactants and we addressed a binary adsolubilization model to predict the co-
monomer composition in the formulation. The polymer formed on the surface was 
analyzed using different analytical techniques like SEM, EDS, TGA and FTIR. Chapter 
6 describes about the similar formulation developed to obtain the hydrophilic properties 
with MWCNTs. We used a different set of monomers to develop the formulations. The 
7 
change of monomer is to minimize the time of formulation development. The 
performance of the polymer formed on the nanotube surface was analyzed using SEM, 
EDS, FTIR and TGA analytical techniques. Copolymer of a hydrophilic monomer and 
hydrophobic monomer were formed on the surface on nanotubes. To determine the 
percentage monomer composition and copolymer composition, Fineman-Ross and 
Kelen-Tüdos methods were employed. Finally, chapter 7 concludes with summarization 
of the results and findings obtained from all the chapters.  
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PART I 
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Chapter 2 
Two-site Adsolubilization Model of Incorporation of Fluoromonomers 
into Fluorosurfactants Formed on Cotton Fabric 
 
2.1 Abstract 
The adsorption of surfactants and adsolubilization of organic compounds on knit cotton 
fabric are fundamentally important in admicellar polymerization to impart 
characteristics like water repellency, stain resistance and flame retardancy. The main 
objective of this research is to study adsorption and adsolubilization of 
fluororsurfactants and fluoromonomers used to obtain water repellency characteristics. 
Adsorption of non-ionic (fluoroaliphatic amine oxide) and cationic (fluoroaliphatic 
quaternary ammonium surfactant) flurorsurfactants at the interface of cotton is 
investigated with and without fluoroacrylate monomers. Two-site adsolubilization 
model was used to predict the aggregation number of fluorosurfactant. 
 
 
 
 
 
Adapted with permission from Langmuir. 2014, 30(13), 3665-3672. Copyright 2014 
American Chemical Society. 
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2.2 Introduction  
A great deal of work has been done on surfactant adsorption and adsolubilization at 
solid/liquid interfaces over the past few decades. Adsorbed aggregates (admicelles and 
hemimicelles) are formed on solid surfaces above the critical admicelle concentration 
(CAC) and lower than the critical micelle concentration (CMC). Factors like 
electrostatic attraction, hydrogen bonding, and lateral interactions between adsorbed 
species help to determine conditions leading to admicelles in a particular combination 
of surfactant, solvent and substrate[19]. 
 
Figure 3. Two-site adsolubilization model on cotton surface 
Whether continuous or discrete, admicelles act to concentrate species at the interface as 
they incorporate sparingly soluble organic compounds that are poorly adsorbed or not 
adsorbed at all in the absence of surfactant. While surfactant adsorption potentiates 
adsolubilization, the presence of adsolubilizate can reciprocally influence adsorption of 
surfactant due to the nature of the interactions of the organic species with the solvent 
and amphiphile. Fundamental knowledge on adsorption and adsolubilization has aided 
the development of applications. These include surfactant based separation 
processes[14, 20], isolation of pharmaceuticals[21, 22], formation of polymeric thin 
films[1, 5, 23-27], material synthesis for cosmetics and health care[28], waste water 
11 
treatment[29-32] and reactions by admicellar catalysis[33]. In particular, 
adsolubilization of monomer enabled admicellar polymerization over solid substrates 
like titanium dioxide[34], polyester[35], collagen fibers[36], cotton[5, 24], alumina and 
silica[37, 38]. 
The range of utility reflects how adsolubilization can occur over many substrates with 
suitable choice of surfactant and conditions. Research has been carried out on 
adsolubilization and the effect of solution pH, surfactant concentration and type of 
hydrocarbon surfactant for solid surfaces like alumina, precipitated silica, and cellulose 
fiber by utilizing different hydrocarbon compounds[39-42]. The concept of 
adsolubilization phenomena of organic compounds on different solid surfaces with 
single and mixed surfactant systems has been reviewed by Esumi[43].  
In general adsolubilization increases with the extent of the admicellar phase. Li and 
Wang for example, found that adsolubilization of dihydroxybenzene into 
cetyltrimethylammonium bromide (CTAB) over silica increases with surfactant 
concentration and saturates at CMC of CTAB[44]. The sites available for incorporation 
of molecular species are greater as surfactant coverage approaches plateau adsorption 
while the nature of these sites can change according to the two-site adsolubilization 
model. The two-site adsolubilization model derives from the concept of patchwise 
adsorption which incorporates counterion concentrations, surfactant surface 
aggregation, surface heterogeneities and hydrophobic effect to estimate surface 
adsorption values[45]. With patchwise adsorption, species can partition within adsorbed 
surfactant aggregates and at the outer perimeter of aggregates as illustrated in Figure 4. 
Comparison of findings for alcohols and alkanes provided insight for the two-site 
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adsolubilization model. At low coverages, the ratio of aliphatic alcohols to surfactant is 
high and decreases to a constant value for plateau adsorption. Alkanes however 
partition only into the interior with similar ratio over the full isotherm[46]. Interestingly, 
See has reported observation of a two-dimensional level transition with adsolubilization 
of styrene in cetyltrimethylammonium bromide (CTAB) aggregates[47]. These 
observations were important to the confirmation of the two-site model[45]. Other work 
by Behrends suggests location within the admicelle is different still for aromatic 
compounds, the study of which led to a three-site adsolubilization model[48].  
Lee et al., applied the two-site adsolubilization model to the adsorption of sodium 
dodecyl sulfate and adsolubilization of different alcohols and alkanes on alumina [46]. 
His results yielded estimates of the admicellar aggregation numbers for that system. 
Aggregation numbers for sodium dodecyl sulfate (SDS) ranged from 60 
molecules/aggregate at one hundredth of bilayer coverage (0.06 molecules/nm2) to 
25000 molecules/aggregate at one-half bilayer coverage (3.3 molecules/nm2). In the 
region of the isotherm near the onset of cooperative adsorption, aggregation numbers on 
the order of 60 were found, in good agreement with estimates obtained by fluorescence 
quenching[49]. 
Little work has been done on adsolubilization with fluorocarbon systems. Lai et al., 
studied the adsolubilization of fluorocarbon alcohols in perfluoroheptanoate surfactant 
admicelles on alumina[50]. He determined adsolubilization constants on the order of 10 
to 20 to 150 for 2,2,2-trifluoroethanol (FEtOH), 2,2,3,3,3-pentafluoropropanol (FPrOH) 
and 2,2,3,3,4,4,4-heptafluorobutanol (FBtOH), a trend opposite to that for similar for 
hydrocarbon systems. Compared to adsorption of hydrocarbon surfactant and 
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adsolubilization of hydrogen compound interactions, adsorption of fluorosurfactants 
and fluorocompounds has stronger hydrogen bonding and can have large partition 
coefficients. As such, these systems merit further research. 
The objective of this paper is to study adsorption of zwitterionic and cationic 
fluorosurfactants and the adsolubilization of fluoromethacrylates on a cotton surface. 
The two-site model was used to estimate the aggregation numbers and partition 
coefficients. This study will advance understanding amount of fluoromonomers and 
fluorosurfactants adsolubilized to form fluoropolymer on surface of cotton to impart 
oil/water repellent characteristics[51]. 
 
Figure 4. Two-site adsolubilization model 
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2.2.1 Theory 
Figure 4 shows an illustration of the two-site adsolubilization model for fluoromonomer 
adsolublized into fluorosurfactant admicelles. One site for adsolubilization is in the 
palisade layer of the admicelle core between headgroups of fluorosurfactant molecules 
represented as c. The other site for adsolubilizates with a hydrophobic moiety is on 
hydrophobic perimeter of cylinder-shaped admicelles represented as p. The total 
adsolubilized amount of alcohol (a) can be expressed as  
                                                             Γa =  Γc + Γp                                            Equation 1 
The partition coefficient (K) of fluoromonomer between admicellar and bulk phases is 
defined as follows:  
                                                          𝐊 =  
𝐗𝐚
𝐂𝐚
                                                    Equation 2 
                                                          𝐗𝐚 =  
𝚪𝐚
𝚪𝐬
                                                  Equation 3 
where Xa is ratio of adsorbed monomer (a) per adsorbed amount of fluorosurfactant 
(s), Ca is equilibrium concentration of fluoromonomer in supernatant. We assume there 
are no micelles present in supernatant at equilibrium. 
At very high surface coverage, close to bilayer formation, the contribution of p to two-
site adsolubilization becomes much less significant with a decrease in ratio of perimeter 
area sites to palisade layer sites. In this case when fluorosurfactant adsorption reaches a 
complete bilayer (Γ𝑎 ≅ Γ𝑐), experimentally measured partition coefficient for 
fluoromonomer Kb approximates as  
                                                           𝐊𝐛 =
𝚪𝐜
𝚪𝐬𝐂𝐚
                                            Equation 4 
15 
In order to express the adsolubilized amount of fluoromonomer on perimeter of 
fluorosurfactant aggregates, the lateral surface area, Al, of a right circular cylinder of 
radius R and height 2L as shown in Figure 4, can be calculated from  
                                                            𝐀𝐥 = 𝟒𝛑𝐑𝐋                                           Equation 5 
where L is the chain length of a fluorosurfactant. Since the two bases of right circular 
cylinder are composed of headgroups of fluorosurfactant aggregates, the mathematical 
expression can be stated in terms of cross-sectional area per fluorosurfactant molecule 
(As) and the average aggregation number (Navg) are calculated from  
                                                            𝟐𝛑𝐑𝟐 = 𝐍𝐚𝐯𝐠𝐀𝐬                                   Equation 6  
From an assumption that the hydrophobic lateral surface area (Al) resembles an 
oil/water interface to the fluoromonomer molecules, one can obtain the value of 
adsorbed molecules for a fluoromonomer monolayer, Al/Aa in which Aa is cross-
sectional area per fluoromonomer molecule. After multiplying this value by the number 
of cylinder-shaped fluorosurfactant aggregates (s/Navg), adsolubilized amounts of 
fluoromonomer on hydrophobic perimeter of cylinder-shaped admicelles can be 
estimated as  
                                                       𝚪𝐏 =
𝐀𝐥𝚪𝐬
𝐀𝐬𝐍𝐚𝐯𝐠
                                              Equation 7 
The combination of equation from 1 and 3-7 yields average aggregation number in 
terms of known quantities as 
                                            𝐍𝐚𝐯𝐠 =
𝟖𝛑𝐀𝐬𝐋
𝟐
𝐀𝐚
𝟐 (𝐗𝐚 − 𝐊𝐛𝐂𝐚)
−𝟐                            Equation 8 
Numerical values of parameters were listed in Table 1. 
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2.3 Materials and Methods 
 
Fluoroaliphatic amine oxide surfactant (FS 230) 
 
Fluoroaliphatic quaternary ammonium surfactant (FS1620) 
 
Tri fluoroethyl methacrylate (TFEM) 
 
Octafluoropentyl methacrylate (OFPM) 
Figure 5. Structure of commercial fluorosurfactants and fluoromonomers 
 
2.3.1 Materials 
Interlock knit cotton fabric (0.31 m2/g) was purchased from Alamac American Knits. 
The fabric obtained was scoured prior to use. Fabric was washed repeatedly until it was 
free from any remaining surfactant. Zwitterionic fluoroaliphatic amine oxide surfactant 
(FS230 – 30% active matter) and cationic fluoroaliphatic quaternary ammonium 
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fluorosurfactant (FS1620 - 20% active matter) were obtained from Mason Chemicals 
(Figure 5). Fluoromonomers used were octafluoropentyl methacrylate (OFPM) and 
trifluoroethyl methacrylate (TFEM) purchased from Synquest Laboratories Inc (Figure 
5). Chemicals were used as obtained without further purification.  
2.3.2. Experimental Analysis 
Cotton swatches (2.0 g) were placed in 20 ml vials. Fluorosurfactant solutions of 
various concentrations with a specific concentration of fluoromonomer were added to 
vials. Solution pH was maintained at 7 without any headspace left in vials. Vials were 
sealed with aluminum foil and capped with Teflon lined septa held in place with 
polypropylene caps. Samples were equilibrated at 60 oC for 2 hrs in shaker bath and 
kept at room temperature for equilibration for 14 hrs for adsorption and adsolubilization 
to take place. A small amount of aliquot from vials was filtered with 0.45m size filters 
for analysis for HPLC. Adsorption and adsolubilization measurements were determined 
from concentration changes by using a C18 surfactant column (RESTEK) (dimensions 
of 250mm x 4.6mm) with an evaporative light scattering detector for surfactants FS230 
and FS1620 and a UV-Vis detector for fluoromonomers (245nm). 
Mobile phases used for analysis were methanol and water in ratios of 70:30 for FS230 
and 80:20 for FS1620 while fluoromonomers OFPM and TFEM were assayed with 
mobile phase ratio of 70% methanol and 30% water. HPLC analysis was carried out for 
fluorosurfactants dissolved in HPLC grade water and for fluoromonomers dissolved in 
HPLC grade isopropanol to obtain retention times and to check for impurities. The 
peaks obtained by analysis of the fluromonomers and fluorosurfactants were single 
peaks of high intensity. Calibration curves were obtained for fluorosurfactants and 
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fluoromonomers followed by measurements to obtain adsorption isotherms and 
adsolubilization results. Experiments were repeated for different concentrations range 
from 0.01mM to 100mM for surfactants and 5mM for concentration of monomers. 
 
 
Figure 6. Adsorption isotherm of surfactants alone and in the presence of monomers 
(a) FS 230 (b) FS 1620 
2.4 Results and Discussion 
2.4.1 Adsorption Isotherms of Fluorosurfactants 
Adsorption isotherms of the fluorosurfactants (FS230 and FS1620) alone and in the 
presence of fluoromonomers (OFPM and TFEM) are plotted in Figure 6. Adsorption 
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rises rapidly at lower concentrations with formation of surface aggregates. At the solid-
liquid interface, available sites for adsorption on the cotton surface decrease as the 
supernatant concentration increases. For both surfactants, as surfactant concentration 
increases the surface becomes saturated leading to onset of micellization. Overall, the 
adsorption isotherms obtained for FS1620 and FS230 are comparable to isotherms 
obtained for hydrocarbon surfactants and other fluorocarbon surfactants[14, 50, 52-54]. 
However, FS230 and FS1620 will have lower CACs and CMCs than corresponding 
hydrocarbon surfactants because the fluorocarbon chain is more hydrophobic.  
In Figure 6b, at around concentration of 200 ppm, a step-wise coverage was observed for 
FS1620 alone. Inflection points have been widely observed in surfactant isotherms on 
mineral substrates. These often can be attributed to surface heterogeneities such as the 
adsorption of cationic surfactants on the edges or basal surfaces of kaolinite[55]. Cotton 
cellulose does have a high degree of crystallinity with amorphous regions[56] so that 
surface heterogeneities cannot be ruled out. However, the transition can be explained by 
another mechanism. Hydroxyl and thioether moieties in FS1620 may hydrogen bond to 
the cotton substrate at low coverages with a shift in orientation occurring at the 
inflection point to favor inter-surfactant hydrogen bonding. Reorientation will enable 
greater lateral interactions of the hydrophobe in addition to intermolecular hydrogen 
bonding to facilitate the adsorption of additional surfactant. The absence of the 
inflection point in the presence of the monomer adsolubilizates results from their ability 
to hydrogen bond in the core. 
Presence of monomer affects the adsorption isotherms of the two surfactants differently. 
Results for FS230 are alike with TFEM and OFPM while the isotherms for FS1620 are 
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distinct for the two monomers. In Figure 6a, at lower supernatant concentrations, both 
fluoromonomers significantly increase adsorption of F230. Since the molecular 
structures of OFPM and TFEM (Figure 5b) differ in the fluoroalcohol component of the 
methacrylate ester, the similar effect of enhanced adsorption at low surfactant 
concentration must be due to the carboxylate portion of the adsolubilizate. Given the 
high ratio of monomer to surfactant under these conditions (Figure 5a), we attribute the 
shift in the isotherm to a reduction in the rearrangement of water molecules for 
surfactant in solution versus surfactant in admicelles. For the latter, the hydrophobe is 
shielded by monomer at the periphery of the admicelles. As coverage increases, the 
FS230 isotherms merge. 
In contrast, the effect of monomer on the adsorption of FS1620 is different for OFPM 
and TFEM (Figure 5b). Data indicate the presence of OFPM increases surfactant 
adsorption while TFEM decreases coverage. Structural comparison suggests the 
fluorocarbon moieties account for the behaviors observed. We suggest greater lateral 
interaction of the longer fluorocarbon moiety facilitated by the much poorer solubility 
of OFPM causes enhanced adsorption. It is less clear what causes the reduced 
adsorption of FS1620 in the presence of TFEM, but it may be due to greater solubility 
of this surfactant in water with the presence of a rather soluble monomer. 
For all cases, the fluoromonomer adsorption has negligible effect on adsorption near the 
CMC where adsorption of fluorosurfactants levels off. FS230 and FS1620 exhibit a 
peak adsorption of 100 mg/g of cotton at CMC of 300 ppm and 300 mg/g of cotton at 
CMC of 3400 ppm, respectively. The CMC’s of fluorosurfactants obtained from 
adsorption analysis were in reasonable agreement with those by surface tension 
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analysis, as CMC of FS230 is 280 ppm and FS1620 is 3600ppm respectively[57]. CMC 
of the zwitterionic surfactant is less than that of the cationic surfactant because charge 
repulsion between head groups is less for the zwitterionic species. The lower adsorption 
of FS230 compared to cationic FS1620 can be explained by charge attraction since 
point of zero change (PZC) for cotton is 3[58] and pH in the reactor vial was maintained 
at 7.  
It should be noted that, absent of surfactant, OFPM and TFEM adsorption was 
negligible. Monomer solubility influenced the behavior in the systems as it does in 
micellization, playing an important role in either increasing or decreasing the CMC. As 
chain length of fluorocarbon compounds increase, solubility of monomers in water 
decrease, thus facilitates partitioning in micelles[50]. At higher concentrations, 
fluoromonomers can act as co-solvent and reduce hydrophobic attractions and increase 
the CMC[59].  
2.4.2 Adsolubilization of Fluoromonomers 
The concentration of fluoromonomers TFEM and OFPM on the surface of cotton 
required the presence of fluorosurfactant and observations confirm that the level of 
adsolubilization depends on extent of adsorption of fluorosurfactant. Determination of 
the relative amounts of surfactant and monomer at the substrate surface for different 
system compositions help to enhance understanding of the nature of the admicelle with 
adsolubilization and provides evidence for the two-site conceptualization. The ratio of 
fluoromonomer adsolubilized to fluorosurfactant adsorbed decreases with increasing 
supernatant concentration of surfactant before beginning to level off at or near the CMC 
(Figure 7). This reflects a higher proportion of perimeter sites available for many small 
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admicelles at low coverage while core sites dominate as coverage approaches 
saturation.  
 
 
Figure 7. Ratio of adsolubilized fluoromonomer to adsorbed fluorosurfactant 
(a) FS 230 (b) FS1620 
Similar overall behavior was observed for both zwitterionic and cationic surfactant 
systems. The effect of monomer chains on the ratio however was different for the two 
surfactants. In the case of zwitterionic (FS230) surfactant, the chain length dependence 
of monomer had a distinct effect on the ratio of monomer to surfactant at higher 
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supernatant concentrations of FS230. Higher ratios were found as the ester alcohol 
chain length changed from C3 monomer (TFEM) to C8 monomer (OFPM)(Figure 7a). 
This finding can be explained by much poorer water solubility of OFPM compared to 
TFEM. While lateral interactions between fluorocarbon moieties will be superior for 
OFPM, they cannot explain the results for FS 1620 where similar ratios are seen for the 
two monomers (Figure 7b). We believe the hydroxyl group in this surfactant causes 
more water molecules to be present in the admicelles of 1620 and thereby facilitating 
adsolubilization of TFEM. 
The decreasing trend in the ratio of monomer to surfactant generally follows 
observations by Yeskie[60] for hydrocarbon systems and reflects the transition from 
perimeter sites to palisade sites. The trend is characteristic of two-site adsolubilization 
and was observed also for fluorocarbon systems by Lai who studied fluoroalcohol 
adsolubilization in perfluorheptanoate surfactant on alumina surface[50]. In regions of 
high surface coverage, the ratio of fluoromonomer to fluorosurfactant decreases due to 
balance between increase of fluorosurfactant adsorption on the surface and available 
space for fluoromonomer adsolubilization within the core of admicelles. 
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Figure 8. Adsolubilization partition coefficients for (a) FS 230 (b) FS 1620 
 
The partition coefficient for adsolubilization decreases rapidly for TFEM and more 
gradually for OFPM before becoming constant with increasing equilibrium 
fluorosurfactant concentration (Figure 8). As surfactant concentration increases, the 
partition coefficient changes more rapidly for TFEM monomer than for OFPM 
monomer. This is true for both the zwitterionic and cationic fluorosurfactants. The 
greater water solubility of TFEM makes it better suited to occupy peripheral sites, 
which exist in greater proportion at less coverage. In contrast hydrophobic OFPM 
exhibits little tendency to occupy sites outside of the core. As peripheral sites disappear 
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with increasing surfactant concentration, the partition coefficient becomes similar for all 
systems tested with values on the order of 100 M-1.  
These results compare favorably with Lai’s observations at 0.01M feed concentrations 
of fluoroalcohol adsolubilized in admicelles of perfluoroheptanoate surfactant[50] in 
which partition coefficients were reported in the range of 15 M-1 to 150 M-1 with 
different fluoroalcohols (Table 1). Lai found that the adsolubilization constant increased 
with chain length in contrast to the trend for partition coefficients obtained by Yeskie 
for aliphatic alcohols in sodium dodecyl sulfate[60]. The values for adsolubilization of 
styrene exhibit a slight dependence on the type of surfactant decreases from anionic to 
cationic to non-ionic regardless of substrate used (Table 1)[11, 16, 61]. While it is 
difficult to draw firm conclusions from these data, fluorocarbon surfactant and 
fluorocarbon adsolubilizates systems generally have lower partitioning coefficient than 
hydrocarbon surfactant and hydrocarbon species, because fluorocarbon chains are less 
flexible and the fluorocarbon system is more hydrophobic[41]. This basis can explain 
Esumi’s comparison of the adsolubilization of hexanol and heptafluorobutanol in 
fluorosurfactants where the hydrophobicities of the alcohols are expected to be similar 
and yet the adsolubilization constant is greater for hexanol. The admicelle/aqueous 
partition coefficients for the solutes are governed by molecular packing density in the 
admicelle, solute-surfactant headgroup interaction and the aqueous solubility of the 
solutes[62].  
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Table 1. Comparison of adsolubilization partition coefficient with fluorocarbon and 
hydrocarbon systems 
Surfactant Monomer Substrate 
Adsolubilization 
Partition 
Coefficient 
(M-1) 
Reference 
Sodium Dodecyl Sulfate 
(SDS) 
Butanol 
Pentanol 
Hexanol 
Heptanol 
Alumina 
600 
150 
55 
16 
[60] 
 
Sodium Dodecyl Sulfate 
(SDS) 
Pyrrole Alumina 19.9 [63] 
Sodium Dodecyl Sulfate 
(SDS) 
Styrene Alumina 300 [16] 
Cetyltrimethylammonium 
Bromide (CTAB) 
Styrene 
Precipitated 
Silica 
250 [11] 
Triton X-100 Styrene Silica 220 [61] 
Hexadecyltrimethylammo
nium Bromide (C16TAB) 
Naphthalene 
Precipitated 
silica 
3000 [64] 
Cetylpyridinium Chloride 
(CPyCl) 
2-Naphthol Silica 870 [65] 
Sodium 
Perfluoroheptanoate 
Trifluoroethanol 
Pentafluoropropanol 
Heptafluorobutanol 
Alumina 
15 
28 
150 
[50] 
Lithium 
Perfluorooctanesulfonate 
(LiFOS) 
Hexanol 
Heptafluorobutanol 
Alumina 
402 
270 
[41] 
Lithium Dodecyl Sulfate 
(LiDS) 
Hexanol 
Heptafluorobutanol 
Alumina 
314 
210 
[41] 
Fluoroaliphatic Amine 
Oxide Surfactant (FS 
230) 
OFPM 
TFEM 
Cotton 
76 
58 
 
Fluoroaliphatic 
Quaternary Ammonium 
Surfactant 
(FS 1620) 
OFPM 
TFEM 
Cotton 
66 
72 
 
 
2.4.3 Surfactant Aggregation Numbers on Cotton 
Aggregation numbers of fluorosurfactant were obtained by the two-site adsolubilization 
model using the parameters given in Table 2. The exact structure of the commercial 
surfactants weren’t known, so molecular weight of both surfactants were inferred based 
on assumptions for number of carbon atoms and comparing to similar hydrocarbon 
surfactant CMC[66] with a fluoromethylene equated to 1.5 methylene units. An 
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increase in the number of carbon atoms increases the length of extended tail of 
surfactants but has relatively little effect on aggregation number estimation. Cross 
sectional areas of surfactant head group (As) and monomer head group (Aa) were 
obtained from literature with similar head group[66]. From aggregation number, the 
number of monomer molecules present in admicelles can be estimated.  
Table 2. Numerical values used for calculating aggregation number in two-site 
adsolubilization model 
 FS230 FS1620 
Category TFEM OFPM TFEM OFPM 
La (nm) 1.5 1.5 2.5 2.5 
ASb (nm2) 0.47 0.47 0.45 0.45 
AAc (nm2) 0.263 0.263 0.263 0.263 
KAPCd (M-1) 58 76 76 66 
 
aTheoretical length of fully extended fluorocarbon tail of surfactant. bAdsorption density 
of fluorocarbon surfactant at air/water interface. cAdsorption density of fluoromonomer 
monolayer at oil/water interface. dEstimated from an experimentally measured partition 
coefficient at bilayer coverage. 
Analysis with the two-site adsolubilization model yielded aggregation numbers from 
order 1 to 106. As the surfactant molecular density increases at solid/liquid interface, the 
sites available in the core region increase and c dominates, so aggregation number 
rises. Fluorocarbon surfactant can adsorb both from aqueous and hydrocarbon media 
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because of their thermodynamic stability[67]. Aggregation numbers were slightly 
higher for OFPM compared to TFEM for the zwitterionic surfactant (FS230) while the 
opposite was found for the cationic surfactant FS1620. The opposite trend for FS1620 is 
believed to be due to hydroxyl group of surfactant allowing water in admicelles thereby 
facilitating adsolubilization of TFEM molecule.  
From Figure 9, as density of surfactant increased aggregation number calculated from 
the model almost followed a linear increasing trend on a log-log plot. Compared to 
aggregation numbers reported with hydrocarbon alcohols[46] and fluoroalcohols[50], 
aggregation numbers for both the zwitterionic surfactant and cationic surfactant in this 
study were similar ranging from 1 to 10 to over 106. Affinity between fluorocarbon-
fluorocarbon compounds was stronger than hydrocarbon-hydrocarbon compounds 
because the formation of aggregates depends on degree of interaction between the two 
compounds and hydrophobicity of fluoromonomers and lower head group charge of 
flurosurfactants[50, 53]. Aggregates of fluorosurfactants formed on solid/water 
interface are stronger because of strong C-F bond and of electronegative fluorine that 
shields carbon[68]. Fluorinated surfactants are more surface active and more 
hydrophobic than their corresponding hydrogenated surfactant[54]. 
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Figure 9. Aggregation number for fluorosurfactants in presence of fluoromonomers 
(a) FS 230 (b) FS1620 
2.5 Conclusion 
Experimental measurement of adsorption and adsolubilization for fluorocarbon 
monomer-surfactant systems yields results consistent with the two-site adsolubilization 
model. A water-soluble monomer TFEM more effectively occupied peripheral sites. 
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Partition coefficients and aggregation numbers were comparable to values observed for 
hydrocarbon and fluorocarbon alcohol-surfactant systems.  
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Chapter 3 
Stain Resistance of Cotton Fabric before and after Finishing with 
Admicellar Polymerization 
 
3.1 Abstract 
Environmental concerns related to perfluoroctanoic acid (PFOA) led to a re-
examination of the methods for imparting stain resistance and stain repellency to 
textiles. Non-PFOA fluoropolymer finishes have been formed on cotton knits by 
admicellar polymerization, a surface analogue of emulsion polymerization. Fabric 
samples were characterized by a drop test, contact angle measurements, SEM, elemental 
analysis and durability studies. Stain resistance and stain release properties were 
assessed by reflectance and AATCC tests with results comparing favorably with 
swatches from commercially available garments. Admicellar polymerization enabled 
the formation of durable finishes that exhibited high performance in stain resistance and 
stain repellency. 
 
 
 
 
 
 
Adapted with permission from Appl. Sci. 2012, 2(1), 192-205. Copyright 2012 MDPI. 
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3.2 Introduction 
In recent years, several technologies have been developed for modifying cotton blends 
and cotton as multi-functional textiles. Surface modification of cotton fabrics can impart 
wrinkle free finishes, self-cleaning properties, anti-microbial activity, UV protection, and 
flame retardancy[69, 70]. Self-cleaning features include stain release and stain repellent 
or resistant finishes[71]. The latter of these, acts to block the uptake of the blemishing 
agent. Liquids like coffee, soda, oil and water, bead up on fabric when spilled and can 
be wiped off without staining the fabric. In contrast, a stain release fiber coating may 
allow oil and aqueous staining materials to penetrate the fabric and then, when the 
fabric is laundered, ideally enables the stain to be easily removed.  
Fluorochemical coatings dominate the stain repellency textile apparel market. Out of all 
existing textile chemicals, only fluorochemicals have shown the unique property to 
provide fabrics a sufficiently low surface energy coating able to resist penetration of 
both oil and water-based stains (polar and non-polar liquids). Unfortunately, fabrics 
modified with fluorochemicals by conventional textile finishing methods often show 
poor performance with laundering or wear [72]. 
Application of perfluorochemicals can be accomplished in a variety of ways, many of 
which impart hydrophobicity and/or oleophobicity to fabrics in addition to other 
desirable properties. Scientists at the German Textile Research Centre North West, for 
example, obtained a hydrophobic coating of perfluoro-4-methylpent-2-ene by photonic 
surface treatment with a pulsed UV-laser [69]. Similarly, pulsed plasma polymerization 
of monomers with long perfluoroalkyl chains by Badyal and co-workers yielded a 
hydrophobic thin film coating [73]. Superhydrophobic mats have been prepared with 
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initiated chemical vapor deposition involving polymerization of perfluoroalkylethyl 
methacrylate [74] while Gleason and co-workers used initiated chemical vapor 
deposition to coat electrospun non-woven fabrics, also with superhydrophobic character 
[75]. In a very different approach, direct fluorination of twaron fiber with elemental 
fluorine not only changed the nature of the fiber surface, it also increased mechanical 
and thermal properties of a fiber composite [76]. Sol-gel methods have been 
successfully employed to impart oil/water repellency and anti-bacterial capability to 
cotton using fluorocarbon polymer/SiO2 and silver nanoparticle-doped silica hybrid 
materials, respectively [77, 78]. Lastly, nanoparticles of fluorochemical coated silica 
and of gold have been applied to cotton and other fabrics to create a chemically inert 
fiber surface with superlyophobic properties [79-84]. This broad range of approaches 
reflects the interest and challenges in this area. 
Admicellar polymerization is an in situ polymerization reaction proceeding within 
surfactant aggregates formed at the interface between the substrate and a supernatant 
solution. The technique, a surface analogue of emulsion polymerization, has been used 
to form a variety of polymeric thin films on different solids such as polystyrene and 
poly methyl methacrylate over silica and alumina [1-3, 85]. Recently, admicellar 
polymerization has been expanded into the textile area with application of finishes to 
impart functionality like flame retardancy, blocking of UV radiation, and water 
repellency [86-88]. This method is a simple, water-based process using low energy and 
a small amount of chemicals. Since the thickness of the film formed is typically on the 
order of nanometers to tens of nanometers, the fabric surfaces retain softness and feel.  
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In this paper we examine the use of admicellar polymerization to prepare knit type 
cotton fabric with stain release/stain resistant features. The fluoropolymer finishes are 
characterized by standard and improvised test methods and compared to commercially 
available stain release/stain resistant fabrics for performance and durability. 
3.3 Materials 
Interlock type knit cotton fabric was purchased from Alamac American Knits 
(Lumberton, North Carolina, USA). The fabric was scoured and then prior to use, rinsed 
several times in a washing machine until it was free from surfactant. Reference samples 
from a commercially available, off-the-shelf stain resistant knit shirt (designated Ref. 1) 
and from commercially available, off-the-shelf stain resistant woven slacks (Ref. 2) 
were purchased from local stores for comparison purposes. Short and long chain 
partially fluorinated alkyl acrylates were purchased from Synquest labs Inc. (USA) 
while fluorosurfactants were obtained from Mason Chemicals (USA). A water-soluble 
persulfate initiator and an acrylamide-bonding agent were purchased from Sigma 
Aldrich (USA). All chemicals were used without further purification. 
3.4 Preparation of Samples, Admicellar Polymerization 
Modification of interlock knit cotton swatches was carried out in 24 mL glass vials. 
Reaction media consisted of fluorsurfactants at the cmc and either a short chain or long 
chain fluoroalkyl acrylate ester fluoromonomer (5 mM) with the corresponding 
respective polyacrylates designated as PA1 and PA2. Concentrations of initiator (5 mM) 
and bonding agent (1 mmol/g) in DI water at pH 4 were added to vials. Swatches of 
washed cotton fabric weighing 2.0 g were added to the vials. The reaction was carried out 
at 80 °C in a shaker bath at 80 rpm with an adsolubilization period of 2 h and a 
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polymerization time of 2 h before being rinsed and dried in an oven at 80 °C. Samples 
were repeatedly home laundered using detergent (Tide) in a laboratory washing 
machine at 30 °C for 20 min and dried in conventional tumble dryer at 60 °C for 45 min 
to test durability of treated fabric. 
3.5 Characterization of Treated Fabric 
Modified cotton knits and reference samples were characterized by wetting times, static 
contact angle determination, SEM, elemental analysis, stain resistance and stain 
recovery measurements. 
3.5.1 Water Repellency Tests 
Two test methods were employed for assessing water repellency. The first involved a 
simple drop test, with 20 µL water being deposited from a pipette at a height of 1 cm. 
Time for absorption of water (wetting time) on a fabric surface in the drop test was 
determined up to maximum of 30 min, at which point the sample passed. A second 
method was performed according to AATCC test method 22 (spray test). This method 
requires larger samples that were prepared by carrying out admicellar polymerization in a 
Werner Mathis Labomat Type BFA 16 beaker dyeing unit. 
3.5.2 Contact Angle Analysis 
Contact angle is a quantitative measure of the wetting of a solid by a liquid, which can 
evaluate the potential for water and stain repellency. We performed static contact angle 
measurements using an optical tensiometer (KSV T2000) and software supplied with 
the instrument. A 20 µL drop of distilled, deionized water of surface tension 72.75 
mN/m was deposited on fabric by syringe from a height of 2 cm. Observations occurred 
over a 10 min period with replicates at five different sites on the fabric. 
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3.5.3 SEM Study 
SEM images of modified and unmodified interlock swatches were taken using a JEOL 
JSM 880 after the samples were sputter coated with a thin layer of gold. Elemental 
analyses were carried out using ZEISS 960A SEM equipped with Oxford Link energy 
dispersive spectroscopy (EDS) with a thin window and using IXRF EDS 2008 software 
at beam energy of 5 keV. Elemental analyses provided an indication of fluorine content 
at the surface of the fibers.  
3.5.4 Stain Recovery and Stain Resistance Tests 
Stain tests were performed on untreated control and treated fabric samples and 
compared to results for the commercial reference samples. Standardized measurements 
followed AATCC test method 130, referred to as the oily stain release method, and 
AATCC test method 118, referred to as the oil repellency test. In AATCC test method 
118, 50 µL drops of different grades of hydrocarbon oil specified in the protocol are 
applied to the fabric material and scored on a scale from 1 to 8. Higher values indicate 
the point at which ever lighter aliphatic oils penetrate the fabric in a period of 30 s or 
less and thus greater oil repellency. In AATCC test method 130, the fabric is placed on 
a blotting paper and 5 drops corn oil of 40 µL each are deposited in the center. A 
blotting paper is laid on top followed by a 5 lb weight for 60 s. The fabric is washed in 
the specified manner at 41 °C and evaluated according to the test protocol. To further 
assess stain resistance and recovery, we examined the effects of common staining 
materials like oil, mustard and ketchup by reflectance measurements of the fabric 
samples. Stain resistance measurements were performed after wiping with tissue paper 
while stain recovery evaluation was done after washing. Reflectance was determined by 
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using an Ultrascan colorimeter (Hunter Lab) at a wavelength of 440 nm. Percentage of 
stain resistance and percentage of stain recovery were calculated using the formulas as 
shown in equation 9 and 10. 
        Equation 9 
               Equation 10 
3.5.5 Tensile Strength Measurements 
Dumbbell-shaped samples were punched out (using dumbbell shaped die cutter, ASTM 
D638) from fabric. Tensile strength measurements were performed at room temperature 
using computerized model testing machine (SSTM tester from United Testing Systems) 
at a speed of 0.5 in/min according to ASTM D1708. Four measurements for each 
sample were done. 
3.6 Results and Discussion 
3.6.1 Appearance of Thin Film 
SEM images and elemental analysis of the fabric samples before and after admicellar 
polymerization were obtained. Figure 10(a,b) shows fibers in the untreated cotton fabric 
samples, the surface of fibers is smooth with striations evident in places. It is devoid of 
polymer aggregates and any other agglomerations over the surface. 
Figure 11 (a,b) shows fibers of treated cotton fabric with PA1 after modification by 
admicellar polymerization. Compared to untreated samples shown in Figure 10, 
striations are not visible while a coarse, bumpy appearance indicates formation of 
fluoropolymer on the fiber surface. Figure 11(c,d) shows fibers in the treated cotton 
fabric with PA2. In this case, striations are also not visible and fluoropolymer coating 
can be seen on the surface of fibers. With the longer chain fluorocarbon of PA2, the 
100 x 
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coating appears to be more evenly spread as a uniform layer. It is evident in both cases 
that the coatings are thin. 
       
(a)                                                                 (b) 
Figure 10. Untreated fibers of interlock knit cotton 
        
(a)                                                                  (b) 
        
(c)                                                                 (d) 
Figure 11. Interlock knit cotton fibers with PA1 (a,b) and PA2 (c,d) 
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The EDS spectrum of an untreated control sample (Figure 12a) does not exhibit a 
significant fluorine peak with the resulting elemental analysis for carbon, nitrogen, 
oxygen and fluorine indicating a fluorine content of only 0.33 atomic%. Carbon and 
oxygen, the main constituents of the cellulose substrate, give strong peaks. In treated 
fabrics (Figure 12 (b,c)), distinct peaks are observed for fluorine along with those for 
carbon and oxygen. Fluorine content in PA1 was 6.89% while in PA2 was 10.53%, 
consistent with the longer fluorocarbon chains of the latter. The levels of carbon and 
oxygen observed reflect contributions from penetration of the electron beam through the 
film and/or regions where the fiber surface was not covered. 
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(a) 
 
(b) 
 
(c)  
Figure 12. Energy dispersive spectroscopy (EDS) spectrum of: (a) Untreated fiber 
(b) treated fiber with PA1 (c) treated fiber with PA2 
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3.6.2 Mechanical Characterization 
 
Figure 13. Stress-strain plot of untreated fabric and treated fabric with formulations 
PA1 and PA2 
Figure 13 shows stress-strain relationships of untreated fabric and treated fabric with two 
formulations PA1 and PA2. UIF1 and UIF2 are results of untreated interlock fabric in 
two orthogonal directions indicating anisotropic behavior. The Young’s moduli of 
treated fabrics PA1 and PA2 correspond to the higher modulus of the untreated 
interlock knit, regardless of direction. Greater stiffness of PA1 and PA2 suggest the 
adhesion between fibers due to formation of polymer bridges between fibers. Between 
PA1 and PA2, Young’s modulus does not differ greatly but PA1 is somewhat stiffer 
than PA2. These trends mirror observations previously reported for plain and modified 
pique fabric [86]. Although the Young’s modulus increases, these fabrics retain soft feel 
after modification. 
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Figure 14. Comparison of contact angles for treated and commercial reference samples 
3.6.3 Water-Repellency Tests 
Evaluation of fabric hydrophobicity is difficult to assess by any one method. The drop 
test enables a quick and easy determination, while multiple methods of testing help us 
to know performance and quality of the material more precisely. To ascertain the water-
repellency characteristics of the fabric, the resistance of the fabric to surface penetration 
by a spray and resistance to surface wetting should be measured. Tests have to be 
carried out in combination with each other in order to obtain a complete understanding 
of performance. Samples were assessed for performance using drop test, spray test and 
contact angle measurement.  
Interlock cotton knit modified with polyacrylates PA1 and PA2 displayed drop test 
results greater than 30 min. In fact, superhydrophobic character was found with contact 
angles of 150° for PA1 and 160° for PA2. Figure 14 shows static contact angle results 
for the various fabric samples, all of which displayed strong hydrophobic character. 
With a contact angle near 160°, PA2 had the highest value observed. The remaining 
fabric samples have contact angles around 150° or less. Contact angles in this range 
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result from a combination of chemical composition and surface microstructure. The 
microstructure includes fibers within the cotton yarns and possibly texture on the 
surface of the fibers due to the presence of the fluoropolymer. The SEM and EDS data 
suggest that the higher fluorocarbon content explains why PA2 exhibits a higher contact 
angle than PA1. 
 
Figure 15. Comparison of durability of treated fabrics with commercial reference 
samples by the drop test 
Samples were repeatedly home laundered with washing and drying steps to gauge 
durability characteristics. Results for the drop test with number of laundering cycles 
appear in Figure 15. Treated fabric with PA1 passes with as many as 20 washes while 
PA2 can hold its treatment up to 30 home launderings. As shown above, PA2 has 
greater fluorine content and, as such, would be expected to have lower solubility which 
might explain its ability to endure more home launderings. Findings for fabrics 
modified by admicellar polymerization were compared to commercial materials. The 
off-the-shelf knit sample (Ref. 1) fared poorly as it failed the drop test after only 5 
washes. The interlock knit material PA1 with the lower fluorochemical content 
44 
compared well to the woven commercial sample (Ref. 2) with both passing the drop test 
for 20 washes. The interlock knit PA2 surpassed them all with 30 washes. 
 
Figure 16. Comparison of spray test of treated fabric and commercial samples 
In the spray test (AATCC 22), repellency of fabric is assessed in a dynamic system by 
comparison to wetting patterns on a standard chart. Measurements of spray test rating 
were made after a series of home laundering which were discontinued once the fabric 
failed the drop test. From Figure 16, the interlock commercial sample (Ref. 1) is seen to 
exhibit a decrease in performance with each home laundering down to a rating of 60 
when the drop test result was less than 30 min. The woven material (Ref. 2) performed 
well with a rating of 100 up to 15 home launderings where it decreased to a rating of 90. 
Performance of PA1 was comparable to the woven fabric. Notably, PA2 showed 
substantially greater durability. Trends observed among the different fabric samples by 
the spray test were consistent with those of the drop test. 
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Figure 17. Comparison of oil test for treated fabric with commercial reference samples 
3.6.4 Oil Repellency 
Oil test results performed according to AATCC test method 118 are reported in Figure 
17. Treated fabric with PA1 did not show any oil repellency. In contrast, application of 
PA2 by admicellar polymerization yielded an initial oil repellency of grade 7. This 
value dropped to grade 5 after half a dozen home launderings and then remained at 
grade 5 after many cycles. In fact, it was in these oil repellency tests where the effects 
of the longer chain fluoroalkyl moiety in polyacrylate PA2 were most evident in its 
effect on oil repellency. Both off-the-shelf reference samples were rated initially at 
grade 5. However, interlock sample Ref. 1 degraded rapidly to ratings of 3 and 2. The 
performance of the woven fabric Ref. 2 paralleled that of PA2, only 2 grades lower 
throughout. With the exception of PA1, the oil test results for durability corresponded to 
findings by the water repellency tests. 
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3.6.5 Stain Recovery and Stain Resistance 
Table 3. Stain release grades according to AATCC test method 130 
Types of fabric Stain release grade 
Interlock (PA1) 1 
Interlock (PA2) 4.5 
Interlock (Ref.1) 3 
Interlock (Ref.2) 2 
 
The main advantage of a stain resistant and stain recovery finish for fabric is that, when 
a spill occurs, it can be cleaned easily. Removal of stains during low temperature home 
launderings is often recommended. Assessment of performance under such conditions 
can be done according to standard tests, such as AATCC test 130. Results for stain 
release (Table 3) roughly followed the oil repellency findings except the woven 
commercial fabric received a lower rating than the commercial interlock fabric. At a 
grade of 4.5, sample PA2 received the highest rating of the group and PA1 the poorest 
at 1. 
Fabrics were stained with vegetable oil, French’s mustard and Heinz tomato ketchup in 
additional tests. On the basis of the oil repellency and oil release results, sample PA1 
was excluded from further testing. After wiping the stain with a tissue paper, stains 
remained visibly attached to untreated cotton, but, for treated fabric with PA2, all the 
stains were wiped away. To quantify this, we measured the reflectance of the fabric 
after wiping the stains for oil, mustard and ketchup. Figure 18 shows the stain resistance 
performance of treated cotton with PA2 and untreated cotton. PA2 exposed to oil 
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showed stain resistance of 100% indicating oil can be wiped off immediately. When 
stains were dropped on untreated cotton, stains penetrated and contributed to lower 
reflectance. For treated cotton, the various agents did not penetrate and could be wiped 
off easily so reflectance returned nearly to 100%. 
 
Figure 18. Stain resistance for untreated and treated fabric with PA2 with different 
staining agents 
 
Figure 19. Stain resistance comparison for PA2 and commercial fabrics with different 
stains 
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Staining tests were also performed on the commercial reference samples and compared 
with PA2. Figure 19 presents reflectance measurements of stain resistance for treated 
and reference samples after exposure to oil, mustard and ketchup. All fabrics performed 
well in resisting blemishes by oil. Overall, PA2 performed comparably to the woven 
commercial material and outperformed the commercial knit. The commercial interlock 
type fabric (Ref. 1) showed poor performance compared to the fabric modified by 
admicellar polymerization with only about 75% of stain resistance with mustard and 
about 80% with ketchup. It is a significant finding that the coated cotton knit could 
function at a level comparable to a fabric with a tighter weave. 
 
Figure 20. Stain recovery of treated fabric with PA2 compared to commercial reference 
fabrics 
Similar experiments for stain recovery of the fabric were carried out by doing one home 
laundering and then assessing the level of stain recovery using reflectance 
measurements. Results for stain recovery are presented in Figure 20. All materials 
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perform well in removal of oil by washing. Otherwise, stain recovery of PA2 was 
substantially better than the reference samples. 
3.7 Conclusion 
Application of fluorocarbon finishes by admicellar polymerization can yield durable 
cotton fabrics with excellent stain resistance and stain recovery properties. Performance 
of these fabrics, prepared in a laboratory, compare well to that of commercial 
production materials examined.  
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Chapter 4 
Admicellar Polymerization and Mixing in a Laboratory Dyeing Unit- 
A Variant of Rocking Reactors 
4.1 Abstract  
Mass transfer in a laboratory-dyeing machine, consisting of cylindrical canisters 
mounted on a carousel with a horizontal axis, has been examined to adapt the unit for 
modification of cotton by admicellar polymerization. Canisters located at the periphery 
of the carousel are canted relative to the axis of rotation so that fluid in the canister 
moves front-to-back and back-to-front over the course of one revolution in a fashion 
similar to a rocking reactor. Dissolution of benzoic acid in water at 30oC has been used 
to determine mass transfer coefficients β in the dyeing system as a function of rotational 
rate and fill volume. Mixing in the dyeing system improved with canister fill fraction to 
an optimum of 0.9 while rotation rate had little effect over the available range.  Findings 
for β as well as predictions for β obtained from estimates of specific mixing power are 
compared to values from the literature for a rocking reactor.   
The process of admicellar polymerization on cotton was subsequently examined in the 
laboratory-dyeing machine. Cotton with a water repellent coating prepared in the unit 
was evaluated using various techniques. Conditions favorable to mass transfer in the 
model experiments were consistent with those providing optimal performance of the 
water-repellent coating applied by admicellar polymerization 
 
Adapted with permission from Ind. Eng. Chem. Res. 2011, 50(10), 6418-6425. 
Copyright 2014 American Chemical Society. 
51 
4.2 Introduction 
Admicellar polymerization (AP) comprises a general method to modify surfaces with a 
thin film. Fundamentally similar to emulsion polymerization, adsorbed surfactant 
structures function as a two dimensional solvent to localize the reaction of monomer at 
the solid-solution interface. The original embodiment of the technique involved free 
radical polymerization over porous mineral oxide powders[16]. A robust technique, AP 
has been used to coat fillers, glass fibers for composites, pigments and magnetic 
particles for affinity separations[2, 3, 25, 89-93]. 
 
Figure 21. A typical infrared laboratory dyeing unit 
 
 
52 
 
Figure 22. Arrangement of canisters in a laboratory dyeing unit. A tilt relative to the 
horizontal axis of rotation causes end-to-end fluid motion 
(http://www.mathisag.com/user_content/editor/files/Prospekte/bfa12_24-e-web.pdf) 
Recently, the method has been expanded into the textile area with application of 
finishes to impart functionality such as protection from microbes, flame retardancy, 
blocking of UV radiation, and water repellency[4, 5, 35, 94, 95]. Scale up in the textile 
industry often involves the intermediate use of an infrared heated, exhaustive dyeing 
laboratory unit such as the Werner Mathis Labomat BFA 16 (Figure 21). The 
heterogeneous nature of dyeing and also admicellar polymerization means that 
interphase mass transfer can be an important factor in implementing these processes, 
though little work seems to have been done on the subject of mass transfer in the 
laboratory dyeing reactors. Mixing in these units, to a first order, is an interesting 
variant on the motion in a rocking reactor. In this paper, we review literature on the 
application and operation of rocking reactors and examine mixing with both theory and 
experiment for different operating conditions. The theory evolves from estimates of 
mass transfer coefficients based on specific mixing power while experimental 
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assessment of mass transfer for the laboratory dyeing unit centered on the dissolution of 
benzoic acid in water in the Werner Mathis Labomat BFA 16 as a model system. The 
objective of this work is to help adapt the laboratory-dyeing machine for modification 
of textiles by admicellar polymerization. Lastly, we examine performance of a water 
repellent coating formed by AP under different operating conditions in the laboratory-
dyeing unit. 
4.3 Literature Survey 
Batch rocking reactors and autoclaves have been utilized in a wide range of applications 
in chemistry and biotechnology. The rocking motion facilitates mixing for 
heterogeneous systems that often involve high temperature and pressure. Layer, for 
example, used a rocking bomb at 220oC to carry out the reaction of ethylene oxide with 
a phenol in base[96], a process important to the commercial synthesis of many 
surfactants. At even higher temperatures of 400-450oC and a pressure of 6.8 x 106 Pa(67 
atm), a rocking autoclave reactor enabled the study of the properties of coke after 
thermal and hydrothermal cracking of residual and deasphalted oils[97]. In similar 
reactor systems, others investigated the catalytic hydrogenation of coal for its 
conversion to a synthetic liquid fuel[98] and catalytic perhydrogenation of rosin to 
impart absence of color and oxidation resistance[99]. The use of rocking reactors has 
not been limited to extreme conditions as lower temperature systems have been applied 
for fermentation and cell cultures. Ryoo developed a rocking drum reactor for solid 
substrate fermentation of cooked yellow corn grits with Rhizopus oligosporus to address 
typical problems of uneven distribution of air, moisture and metabolic heat[100]. 
Popular in the biotechnology community, bioreactors with rocking motion provide a 
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low shear environment well-suited to culturing bacteria, plant and animal cells in 
addition to tissue constructs[101-103]. Rocking reactors have been used to produce 
monoclonal antibodies, recombinant proteins, viruses and secondary metabolites. 
Early work on the operating conditions for rocking reactors in mid-20th century focused 
on heterogeneous reactions involving gases. Hoffman et al. employed the palladium 
catalyzed hydrogenation of nitrobenzene in 5% acetic acid as a model reaction to 
investigate the effects of rate and angle of rocking, cylindrical reactor dimensions, and 
free space on agitation[104]. Slow motion pictures yielded a qualitative description of 
the motion in the glass reactors while sufficient catalyst ensured that the quantitative 
measurements of the rate of hydrogenation reflected mass transfer of hydrogen from the 
gas phase to the surface of the catalyst. At lower frequencies of oscillation, little gas-
liquid mixing occurred in the reactors. Formation of waves that crested and broke at the 
ends appeared as the frequency rose so that the gas-liquid contact improved and the 
rates of hydrogenation increased. The gas envelope disappeared at still higher 
oscillation rates yielding a reduction in mass transfer and an optimum that varied 
linearly with the total angle swept during rocking (35 oscillations/min at 30o to 50 
oscillations/min at 120o). The authors concluded that the major design factors 
influencing agitation for mass transfer of a gas were oscillation rate and the angle of 
rocking. Snyder et al also studied the catalyzed hydrogenation of nitrobenzene in acetic 
acid as well as the cupric catalyzed oxidation of sulfite in a single 1 L, 90o sweep 
rocking reactor[105]. Controlling for temperature, catalyst concentration and reactant 
concentration, he found that the optimal absorption rate per unit volume of liquid for the 
hydrogenation reaction to be at a low filling ratio (25% liquid volume to reactor 
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volume) and a high rocking frequency (55 cycles/min). In contrast, the oxidation 
reaction was not very sensitive to the rocking rate. The authors attributed the difference 
to the effect of acetic acid on interfacial surface area. 
There is little work on mass transfer in rocking reactors reported in the literature where 
none of the reactants are in the gas phase. Murzin[106] examined the dissolution of 
benzoic acid flakes to find the mass transfer coefficients β experimentally for two 
cylindrical rocking reactors, one with an oscillating rocking motion and the other 
reciprocating horizontally, and compared these to values calculated using estimates of 
the specific mixing power obtained from measurement of temperature transients. β was 
calculated from equation 11: 
                                        𝛃 = 𝟏. 𝟎 (
𝛆𝐃𝟒
𝛖𝐝𝟐
)
𝟏
𝟔
                                      Equation 11 
Where ε is the specific mixing power, D is the diffusion coefficient, ν is the kinematic 
viscosity (ratio of dynamic viscosity and density μ/ρ), and d is the particle diameter or 
equivalent diameter[106]. Differences between the experimental and calculated values 
ranged from about five percent to several hundred percent. The lack of extensive 
literature and the limitations of prior research on solid-liquid mass transfer in rocking 
reactors indicate a need for further work. 
4.4 Theory 
An interesting variation on rocking reactors is widely utilized in the textile industry as 
infrared laboratory dyeing machines. Understanding the basic operation of the dyeing 
unit helps to illustrate the similarity with a rocking reactor and thus establish a basis for 
the analysis below. A typical system is presented in Figure 4.1a with stainless steel, 
cylindrical canister vessels mounted on a carousel, which rotates about a horizontal 
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axis. Canisters are canted (Figure 22) so that, during the course of one revolution of a 
canister, movement of an air void (or liquid phase) from front to back and then back to 
front causes mixing.  
The theory in this study builds on the prior work by Murzin using specific mixing 
power to find mass transfer coefficients. We assume that the major driving force for 
mixing by rocking is flow due to gravity. We obtain a value for the mixing power by 
approximating the change in potential energy for the end-to-end motion of the fluid in 
the reference frame of the reactor. An estimate for the potential energy contribution was 
found by determining the height change of the center of mass for the idealization of 
undeformed liquid at the apex subsequently flowing and settling at the bottom (Figure 
23). Since fluid will flow before reaching the apex and not completely settle under 
typical operating conditions, these estimates are expected to be upper limits. This 
approach, admittedly a rough estimate for a very complicated flow in the dyeing 
machine, has an advantage in not requiring experiments to predict β for various 
operating conditions. Below, we describe calculations for the mass transfer coefficient 
in the laboratory dyeing unit version of the rocking reactor. 
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Figure 23. The conceptual simplification of the fluid at the apex and nadir facilitated an 
estimate if the potential energy change giving rise to mixing in the reactor 
4.4.1 Calculation of the Specific Mixing Power and Mass Transfer Coefficient 
Liquid volumes in the cylindrical reactor were used to find the center of mass 
displacement so that the specific mixing power could be estimated from the potential 
energy change during one revolution and the carousel rotational rate. With an 
assumption of uniform density, the center of mass in the liquid corresponds to the center 
of volume. One uses different mathematical expressions to find the volume based on the 
amount of liquid contained, length-to-radius ratio of the reactor (L/R), and its maximum 
angle of inclination (α). For a near horizontal orientation, there are three basic cases 
(Figure 24(a), Figure 24(b) and Figure 24(c)) to consider. 
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Figure 24. Pictorial representation of volume of canister 
Fill levels for the first 2 cases are parameterized by ho, the “height” of the liquid at the 
lower end of the cylinder (Figure 24a). Case II is distinguished from Case I by the 
liquid reaching the upper end of the reactor (LL > L, Figure 24b) while Case III reflects 
the fact that the liquid level now exceeds the height at the lower end (ho > 2R, Figure 
24c). For case III, the parameter H is used to capture the volume present in the cylinder. 
To simply find the volume, one could address Case III by adapting Case I to the volume 
of the vapor and subtracting from the total reactor volume. However, this simple 
method cannot be used to find the location of the center of mass and an expression for 
calculating the volume for Case III is also given below. 
The volume for Case I is readily found from integration in cylindrical coordinates:     
                                      V = ∫ dV
VLiquid
= 2 ∫ ∫ ∫ rdrdθdz
R
R−h
cosθ
θ
0
LL
0
                Equation 12 
which simplifies to: 
                                      𝐕 = ∫ [𝐑𝟐𝛉𝟏 − (𝐑 − 𝐡)
𝟐 𝐭𝐚𝐧 𝛉𝟏]𝐝𝐳
𝐋𝐋
𝟎
                   Equation 13a 
 Where 
     θ1 = arccos (
R−h
R
)      h = h0 (1 −
z
LL
)        LL =  
h0
tanα
             Equation 13(b-d)) 
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Figure 25. Relationship of h(z) and θ1(h) in end view of canister 
with R being the  radius of canister and h being the height of the liquid in the canister at 
axial location z as illustrated in Figure 25. For Case II, the liquid volumes are defined 
by truncated cylindric sections and LL is not actually realized. Volume then can be 
found with equation 3a with the upper limit changed to L. Case III can be treated as the 
combination of a disc of radius R and height H with a shortened cylinder of height (L-
H) treated mathematically the same as Case II. This yields 
                    V = πR2H + ∫ [R2θ1 − (R − h)
2tanθ1]dz
L−H
0
                        Equation 14 
Equations for the volume were put in dimensionless form by dividing through by R3 and 
the expressions entered directly into Mathcad, enabling construction of tables of the 
dimensionless volume V*(i.e. V/R3) as a function of the dimensionless fill level 
parameters ho* and H*(or ho/R and H/R). While the integrals in the equations can be 
readily evaluated, these forms are more easily manipulated with the capabilities of the 
software to find the axial location of the center of mass which generally involves 
changing the integration limits until the dimensionless volume V* is halved. For Case I 
(Figure 24a) with fixed α, we generated tables of V*(ho*) along with LL*(ho*) for 0 < 
ho* < 2 (or LL/R(ho/R) for 0 < ho <2R) using equations 13a and 13d. The table of LL* 
helped in determining the value of ho* and the volume V* where the onset of Case II 
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occurred. Transition from Case I to Case II corresponded to LL* = L* or LL/R = L/R. 
For Case II (Figure 24b), we employed equation 13a with integral upper limit L* to find 
V*(ho*) until the fill parameter ho* = 2, the dimensionless diameter, signaled conditions 
for Case III (Figure 24c). Finally, application of equation 14 yielded V*(H*) for Case 
III. 
From these tables constructed with equations 12-14, the axial location of the center of 
mass zCM* (or zCM/R) could be determined for a given fill level. By symmetry, the 
center of mass at the apex will be the same distance from the upper end in the 
idealization (Figure 23). The height change from tilting of the reactor according to the 
model can then be found from δ = (L-2 zCM) sin α with the power of mixing given by  
                                         P =
2ρgδVliquidω
2π
                                                   Equation 15 
and thus the specific power of mixing: 
                                                 𝛆 =
𝐠𝛅𝛚
𝛑
                                                        Equation 16 
Where ρ is the solvent density, g is the acceleration due to gravity, and ω is the angular 
velocity of the carousel. Combining with equation 11, we obtain an expression 
(equation 17) to predict the mass transfer coefficient based on the operating conditions, 
specifically the fill volume (reflected in the center of mass) and rotational rate.   
                                              β = 1.0 (
g(L−2ZCMsinαD
4
υd2
)
1
6
                                 Equation 17 
4.5 Materials 
Pique type cotton fabric was purchased from Alamac American Knits. The fabric was 
obtained scoured and prior to use, the fabric was washed several times in a washing 
machine until it was free from any remaining surfactant. The benzoic acid was obtained 
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from Sigma Aldrich (USA). The monomers used were 2,2,3,3,4,4,5,5-
octafluoropentylmethacrylate (OFPM) and 2,2,2-trifluoro ethyl methacrylate (TFEM) 
purchased from SynQuest Laboratories Inc (USA). The surfactants the fluoroaliphatic 
amine oxide nonionic surfactant Masurf FS230 and a fluoroaliphatic quaternary 
ammonium cationic surfactant Masurf FS1620 were obtained from Mason Chemicals. 
Potassium persulfate (Fisher) was the initiator for admicellar polymerization. All 
chemicals were used without further purification. 
4.6 Experimental 
4.6.1 Mass Transfer Determination in a Model System of Benzoic Acid Dissolution 
Experiments to examine mass transfer with benzoic acid were carried out in a Werner 
Mathis Labomat Type BFA 16 beaker dyeing unit. One-liter canisters were filled to the 
desired volume and preheated to 30oC prior to addition of 4.0 g benzoic acid. Separate 
runs for volumes of 250 mL, 500 mL, 750 mL and 900 mL ensured a more precise 
temperature setting with the single thermocouple provided for monitoring and control. 
The programmed temperature was maintained by infrared heating elements and a 
combined air-water cooling system in the unit.  Experiments were repeated at each 
volume for rotational rates of 10 rpm, 25 rpm, 45 rpm and 65 rpm. After 15 min, an 
aliquot was removed to determine benzoic acid concentration by titration against a 0.1 
N sodium hydroxide solution using phenolphthalein as indicator. The experimental 
mass flux j in the dyeing machine at 30oC was determined from j = (c(t2) – c 
(t1))Vliquid/AtotalΔt with t1=0 min, t2=15 min and Δt=t2-t1. Mass transfer coefficients from 
experiments were calculated from β = j/[csat – (c(t2) + c(t1))/2] with a saturation 
concentration of csat = 3.3 x 10
-2 mol/L used for benzoic acid in water at 30oC[107]. The 
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benzoic acid flakes were of varying sizes, but mostly on the order of 3 mm x 3 mm x .4 
mm. This yielded a typical surface area of 0.23 cm2 and a volume of 3.6 x 10-3 cm3. The 
number of particles was estimated from the mass charged to the reactor (4.0 g), density 
of solid benzoic acid (1.266 g/cm3) and the volume of a single particle from which the 
total surface area was then found. This surface area was taken as constant for the very 
thin benzoic acid flakes. 
4.6.2 Application of a Hydrophobic Coating on Cotton Fabric 
Operating conditions favorable for mass transfer should improve performance of a 
fabric at set reaction time and reagent concentrations. Pique knit cotton with BET 
surface area of 0.32m2/g was coated with a copolymer of TFEM-OFPM by admicellar 
polymerization as previously described[86] in a laboratory dyeing unit as a function of 
fill volume keeping fabric to liquid ratio constant at 1:25. The different fill volumes 
used were 500 mL, 750 mL, 900 mL and 950 mL. Performance of the polymer coating 
on pique knit cotton was also studied with change in rotational rate. Rotational rates 
varied as 10 rpm, 25 rpm, 45 rpm and 65 rpm with a constant fill volume. Next, the 
performance at a higher fabric to liquid ratio was studied by increasing the ratio to 1:10 
from 1:25.  
We examined the modified fabric by SEM & elemental analysis and evaluated fabric 
for hydrophobicity by a simple drop test (20 μl water deposited from a height of 1cm), 
the spray test (AATCC Method 22) and contact angle measurement. Time for 
absorption of water in the drop test was determined up to a maximum of 30 min. SEM 
images were obtained by using JEOL JSM 880 and samples were sputter coated with 
thin layer of gold. Elemental analyses were carried out using ZEISS 960A SEM 
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equipped with Oxford Link energy dispersive spectroscopy (EDS) with a thin window 
and using IXRF EDS 2008 software at a beam energy of 5 kev. Contact angle 
measurements were obtained using sessile drop analysis using I.T. Concept Tracker 
contact angle analyzer. 
4.7 Results and Discussion 
Mass transfer can be an important factor influencing the rate of heterogeneous 
processes. Finding, for example, conditions suitable for a heterogeneous catalytic 
reaction system to operate in the rate limited regime means addressing mass transfer 
issues. Rocking reactors have often been used for heterogeneous processes. In 
investigating catalytic hydrogenation in a rocking reactor, Hoffmann[104] described 
qualitatively the nature of the flow and its relation to mass transfer. Three regimes were 
observed as function of oscillation rate with a significant effect on transport of the gas.  
The complexity of the liquid motion reported by Hoffmann presumably affects mixing 
and mass transfer in solid-liquid systems like those present in admicellar 
polymerization.   
Temkin investigated the role of external mass transfer in catalytic reaction systems and 
obtained equation 11 to estimate mass transfer coefficients based on the specific mixing 
power ε[108, 109]. Employing a rocking reactor, Murzin et al. determined mass transfer 
coefficients β with ε from dissolution experiments of benzoic acid in water, similar to 
model studies of mixing for the liquid phase hydrogenation of cinnamaldehyde with a 
Ru-Sn catalyst[110] and the solid-liquid mass transfer in a Creusot-Loire Uddeholm 
vessel for stainless steel refining[107]. Murzin compared his experimental findings for β 
to values predicted with equation 11 and ε with limited success[106]. 
64 
 
 
Figure 26. Similarity of Sherwood number (Sh=βd/D) correlations with Reynolds 
numbers based on Murzin’s experiments (Sh=.107Re1.222) and on the potential energy 
theory of this paper (Sh=.104Re1.195).  Sherwood numbers were calculated for reported 
values of the mass transfer coefficient for dissolution of benzoic acid in water with a 
rocking reactor and plotted against the Reynolds number obtained from Murzin’s 
experimental work(Re=ρε1/3d4/3/μ) in 26a and from the potential energy 
theory(Re=ρvd/μ) applied for Murzin’s experimental conditions in 26b.   
Traditionally mass transfer coefficients for a system appear in the form of a 
dimensionless correlation such as Sh = aRebScc, where Sh, Re and Sc are the Sherwood, 
Reynolds and Schmidt numbers, respectively. Murzin’s equation 11 can be rearranged 
to Sh = Re1/2 Sc1/3 with Sh=βd/D, Re=ρε1/3d4/3/μ and Sc=ν/D. The limited experimental 
results provided in Murzin’s paper for β with only dissolution of benzoic acid in water 
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preclude a rigorous determination of the dependence of the Sherwood number on the 
Schmidt number. Figure 26a, however, shows a logarithmic plot of the dimensionless 
mass transfer coefficient Sh as a function of the Reynolds number. For a Reynolds 
number as defined above, regression analysis yields the following relationship for the 
Sherwood number Sh=.107Re1.222. If the one-third dependence on the Schmidt number 
is assumed to be valid, the results for water imply Sh=0.012Re1.222Sc.333. 
Murzin’s experimental results for β were also examined using the theory developed in 
this paper. We produced a mass transfer correlation for the Sherwood number with Sh 
defined as above and the Reynolds number defined as Re=ρvd/μ with v=(L-2zcm)ω/π 
from the potential energy theory. Figure 26b presents a plot of the Sherwood number 
versus this Reynolds number with linearized regression yielding Sh=.104Re1.195. Thus, 
the two approaches, one rooted in experimental measurement and the other in theory, 
appear to be remarkably consistent in the dependence of the Sherwood number on 
Reynolds number for a rocking reactor.  
Table 4. Specific Mixing Power per Unit Mass ε (W/kg) and Predicted Mass Transfer 
Coefficient (x 10-5 m/s) 
RPM* 
Vol.(mL) 
10 
ε(Repot)      β 
25 
ε(Repot)      β 
45 
ε(Repot)       β 
65 
ε(Repot)        β 
250 .11(115) 5.6 .28(287) 6.6 .51(516) 7.2 .74(746) 7.7 
500 .079(80) 5.3 .20(201) 6.2 .36(362) 6.9 .52(523) 7.3 
750 .049(49) 4.9 .12(123) 5.7 .22(221) 6.4 .32(320) 6.8 
900 .025(25) 4.4 .062(63) 5.2 .11(111) 5.7 .16(164) 6.1 
*ω=1.047, 2.618, 4.712 and 6.807 s-1 
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Our interest in rocking reactors lay in gaining insight to mass transfer in the laboratory 
dyeing unit.  Using values of the specific mixing power estimated from potential energy 
changes (equation 16) and Murzin’s theory (equation 11), we predicted the mass 
transfer coefficients as a function of rotational rate and fill volume. Predictions ( 
Table 4) indicate mixing power per unit mass is expected to increase in direct 
proportion to the rotational rate. It should decrease in a slightly weaker dependence with 
liquid volume. The latter result seems reasonable as the center of mass cannot undergo 
displacement to the same degree as the container becomes full. Predicted mass transfer 
coefficients β ranged from 4.4 x 10-5 to 7.7 x 10-5 m/s for water volumes of 250-900 mL 
and rotational rates of 10-65 rpm. In line with the values for specific mixing power, β is 
expected to increase with rotational rate and decrease with fill volume. More simply, β 
increases with the Reynolds number as the correlations above imply. For these 
calculations, the diffusion coefficient for benzoic acid in water[111] at 298 K was taken 
as D = .9 x 10-9 m2/s while those used for the viscosity and density of water at 303 K 
were μ = 6.975 x 10-4 Pa-s and ρ = 995.7 kg/m3. Equivalent diameter d was obtained 
from the fraction of undissolved mass remaining w and the initial equivalent diameter 
(d = dinitial w
1/3 with dinitial=1.9 x 10
-4 m). These predicted results of benzoic acid 
dissolution were then compared to the experimental values obtained for the dyeing 
reactor. 
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Table 5. Mass Flux (x10-4 mol/m2 s) and Observed Mass Transfer Coefficient 
(x10-5 m/s)  t = 0-15 min 
RPM 
Vol.(mL) 
10 
j            β 
25 
j            β 
45 
j            β 
65 
j            β 
250 .93 .32 .98 .33 .99 .34 1.0 .34 
500 2.3 .81 2.9 1.0 3.1 1.1 3.2 1.2 
750 4.1 1.5 4.5 1.6 5.9 2.3 6.1 2.4 
900 5.1 1.8 6.0 2.2 7.2 2.8 7.6 3.0 
 
Our experimental findings for mass flux j and mass transfer coefficient β for dissolution 
of benzoic acid in water in the laboratory dyeing unit appear in Table 5. The mass 
transfer coefficient β ranged over .3 – 3.0 x 10-5 m/s, similar in magnitude, but smaller 
than predicted. Moreover, the trends observed were different from a simple rocking 
reactor. While there was a slight dependence on rotational rate, β varied to a greater 
extent with fill fraction. In marked contrast to the rocking reactor, the mass transfer 
coefficient and thus the Sherwood number increased with the liquid level. Correlation 
of these results yielded Sh = 24.77Re.192γ1.762, where γ is the fill fraction. 
The potential energy-based theory worked well in representing mass transfer 
coefficients from the literature for a simple rocking reactor, but its transference to the 
laboratory dyeing unit proved unsatisfactory. The fluid motion is clearly more complex 
with the rotational motion of the carousel. We attribute the increase of mass transfer 
with fill volume to swirling due to the Coriolis forces arising from conservation of 
angular momentum. As the liquid in the canister flows end-to-end, its radial location 
changes giving rise to the “secondary” flow. This can explain the dependence on fill 
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level observed. The effect of angular momentum should increase with the greater mass 
as the fill level rises. Clearly, flow in the infrared laboratory dyeing machine poses an 
interesting multiphase fluid mechanics problem. 
 
Figure 27. Wetting time for different reactor volumes keeping the fabric to liquid ratio 
constant 
The mass transfer studies provided insights into the adaptation of the dyeing unit for 
admicellar polymerization. In parallel with the model mass transfer studies, we applied 
a co-polymer of TFEM and OFPM to cotton fabric samples with polymerization carried 
out at different fill levels in the Labomat dyeing unit. In these experiments, the volume 
of the reaction media should be above a minimum necessary to cover the fabric and yet 
allow sufficient air to promote mixing. For the 75 cm x 18 cm swatch of fabric used, the 
portion submerged in the liquid during the course of a rocking cycle varies with the fill 
volume. At 500 mL, the loosely rolled fabric sample is only partially submerged while 
it is nearly covered at 750 mL. Reaction volumes of 900 mL and 950 mL covered the 
fabric while reducing the air void to drive mixing.  
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A simple drop test and the AATCC spray test were used to assess performance. The 
fabric in the 500 mL canister displayed almost zero wetting time while the remaining 
swatches exhibited water repellency to differing degrees (Figure 27). Among these, the 
900 mL modified cotton yielded a contact angle of 116o and attained the 30-minute 
upper limit of the drop test. Spray test results were consistent with these findings, and  
Table 6. Wetting time and spray test data with different reactor volumes 
 
Reaction volume 
(mL) 
Wetting time 
(min) 
Spray test ratings 
500 0.2 0 
780 25.5 90 
900 30 100 
950 23.2 80 
 
the highest rating being obtained for the 900 mL modified cotton (Table 6). For the 
range of rotational rates, the coating performance was nearly independent of the 
rotational rate (Table 7). Thus the optimal conditions for admicellar polymerization fit 
nicely with the results for the greatest mass flux found for benzoic acid. SEM images  
Table 7. Wetting time and spray test data with different rotational rates 
Rotation rate 
(rpm) 
Wetting time 
(min) 
Spray test 
ratings 
10 30 100 
25 30 100 
45 30 100 
65 30 100 
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(a) (b) 
               
 (c)                                                              (d) 
Figure 28. SEM micrographs: (a,b) untreated cotton fiber  and (c,d) treated cotton fiber 
and elemental analysis of the fabric samples prepared under optimal conditions were 
obtained. Figure 28(a) and Figure 28(b) shows fibers in the untreated cotton fabric 
samples, the surface of fibers is smooth and with striations evident in places. It is 
devoid of polymer aggregates and any other agglomerations. Figure 28(c) and Figure 
28(d) shows fibers in the treated cotton fabric. Striations are not visible and a coating 
can be seen on the surface of fiber. Fiber edges are more ragged and as smooth and 
straight. The fluropolymer coating on fiber surface of treated fabric gives a bumpy 
appearance compared to untreated fabric. No large agglomerates appear on the fabric 
surface, which indicates a uniform coating. Elemental analysis of fabric samples 
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showed fluorine content of plain cotton fabric to be 0.33% while that of the polymer 
layer was 9.88%. This confirmed the presence of the polymer film.  
Table 8. Wetting times spray test and contact angle data for different fabric ratios 
 
Fabric to 
Liquid ratio 
Wetting time 
(Min) 
Spray test 
ratings 
Contact angle 
1:25 30 100 116o 
1:10 30 90 108o 
 
Another important parameter in textile processing is the fabric to liquid ratio.  Mass flux 
depends on both the mass transfer coefficient and the concentration difference between 
the surface and the bulk fluid. A greater fabric-to-liquid ratio will more effectively 
deplete the solution of chemicals in a batch reactor. As such runs were carried out to 
examine performance with solid-to-liquid ratio in the dyeing unit (Table 8). As the 
fabric-to-liquid ratio is increased from 1:25 to 1:10, the quality of the finish is 
diminished. This is indicated by the spray test rating which goes from 100 to 90; and the 
contact angle, which decreases from 116o to 108o. 
4.8 Conclusion 
Performance of fabrics modified by admicellar polymerization in a laboratory dyeing 
unit matched well with results from model studies for mass transfer. Fill volume had a 
much greater effect than rotational rate on hydrophobicity of modified cotton and n the 
observed mass transfer coefficients. Estimates of specific mixing power based on 
potential energy provided good representation of results for mass transfer from the 
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literature for a rocking reactor, but proved unsatisfactory for the laboratory dyeing 
system. 
 
4.9 Nomenclature 
β          Mass transfer coefficient  
ε          Specific mixing power (W/kg) 
𝜈          Kinematic viscosity (m2/s) 
d          Particle diameter (m) 
D         Diffusion Coefficient (m2/s) 
α          Angle of inclination 
L          Length of canister (m); 
L*       = L/R 
LL         Length of liquid along the z-axis (m) 
R         Radius of canister (m) 
h          Height of liquid in canister as function of axial position z;  
h*        = h/R 
h0          Height of liquid at the lower end of canister (m) 
H         Wetted length parallel to the z-axis along the top of canister (m) 
θ1             Maximum angular location of liquid as a function of z 
ρ          Solvent density (kg/m3) 
g          Acceleration due to gravity (m2/s) 
ω         Angular velocity (s-1) 
δ           Height change of center of mass for end to end flow (m) 
j           Mass flux (mol/m2s) 
Atotal       Total surface area of benzoic acid flakes (m
2) 
ct2,ct1     Concentration of benzoic acid at times t1 and t2 (mol/L)  
csat        Saturated concentration of benzoic acid (mol/L) 
V         Volume of fluid contained (m3);  
V*        = V/R3  
r, θ, z    Cylindrical coordinates 
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P            Power of mixing (W) 
zcm          Axial location of center of mass 
μ            Viscosity of solvent (Pa-s) 
γ            Fill Fraction, V/Vcanister 
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PART II 
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Chapter 5 
 
Hydrophilic Encapsulation of Multi-Walled Carbon Nanotubes 
using Admicellar Polymerization 
5.1 Abstract  
Admicellar polymerization (AP), a surface analogue of emulsion polymerization was 
used to obtain a thin layer of hydrophilic polymer coating on multi-walled carbon 
nanotubes (MWCNTs). The hydrophilic nature can facilitate integration of carbon 
nanotubes into a variety of composite materials. To develop hydrophilic polymer by 
AP, acrylate monomers were copolymerized using sodium dodecyl sulfate as a 
surfactant. Development of a system for AP involves measurement of surfactant 
adsorption and adsolubilization or partitioning of monomer into adsorbed structures 
(reverse hemimicelles). A modified two-site adsolubilization model was used to 
calculate the size of surfactant aggregates over the surface of MWCNTs and a binary 
adsolubilization model was employed to predict number of monomers adsolubilized 
from single component experiments. Adsolubilized monomers were polymerized to 
form a polymer nanocomposite, which was then hydrolyzed to obtain a hydrophilic 
nanocomposite. SEM, Energy Dispersive Spectroscopy (EDS), Thermo Gravimetric 
Analysis (TGA) and FT-IR confirmed the formation of polymer on multi-walled carbon 
nanotubes (MWCNTs). Modified MWCNTs readily dispersed in aqueous media and 
were stable after 3 days. 
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Figure 29 Schematic representation of admicellar polymerization for MWCNTs 
 
 
 
 
 
Reprinted from Colloids and Surfaces A: Physicochemical and Engineering Aspects, 474, S 
Hanumansetty, E O’Rear, DE Resasco, Hydrophilic Encapsulation of Multi-Walled Carbon 
Nanotubes using Admicellar Polymerization, 1-8, Copyright (2015), with permission from 
Elsevier. 
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5.2 Introduction 
Carbon nanotubes (CNTs) are ideal reinforcing fibers for composites because of their 
high aspect ratio, high mechanical strength, and high electrical and thermal 
conductivity. Unfortunately, bundling due to intertube van der Waals and solvophobic 
interactions impairs many applications. Mixing of nanotubes with most common 
solvents or polymers results in formation of clumps, bundles and ropes. Dispersion of 
nanotubes in liquid media for separation of bundles generally requires surfactant or 
chemical functionalization of nanotubes, expanding applications of nanotubes to 
numerous fields. A number of groups have shown that imparting enhanced electrical, 
mechanical and thermal properties [112-119] to polymer composites with carbon 
nanotubes can be achieved by chemical modification or polymer encapsulation. 
Nanocomposites can be expressed in two different forms, nanoparticles incorporated 
into a continuous bulk polymer matrix and discrete nanoparticles encapsulated in a thin 
film of polymer. Methods have been developed for each. Polymerization techniques like 
in situ polymerization[120], miniemulsion polymerization[121] and others [122, 123] 
are used to prepare nanocomposites that incorporate nanoparticles in polymer matrix. 
Discrete nanoparticles can be coated with a thin film using polymerization methods 
such as free radical polymerization[124, 125] and soap free emulsion 
polymerization[126]. Others have employed various techniques to apply polymer 
coatings like poly(methyl methacrylate)[127] and polyaniline[128] on CNT surfaces. 
Redispersion/solubilization of discrete nanocomposites often requires external means 
like sonication to dissolve them in aqueous media, since the polymers are hydrophobic. 
To increase the solubility of nanotubes in water, a hydrophilic polymer (e.g. polyacrylic 
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acid[129] and polyacrylonitrile[9]) can be used. However, unfavorable bonding 
between a hydrophilic polymer and nanotubes might mean a poorly integrated unstable 
material. In particular, strongly hydrophilic polymer might dissolve away from 
nanotubes in aqueous media. Having a hydrophobic component can be expected to 
anchor the polymer or copolymer to MWCNTs. As one approach, copolymerization of a 
hydrophilic monomer and a hydrophobic monomer on the surface of nanotubes might 
facilitate redispersion/solubilization of modified MWCNTs in aqueous media without 
any external means.  
In recent years, new routes of encapsulation of carbon nanotubes with a thin film of 
copolymer coating have appeared to enable new applications. Nanocomposites readily 
dispersible in water can be employed for bioelectrochemical reactions[130], radiation 
therapies[131] and drug delivery methods[132]. Mu et al[133] used surface–initiated 
atom transfer radical polymerization to obtain a double layer hybrid nanocomposite of 
MWCNTs with polystyrene as inner layer and polyacrylic acid doped polyacrylonitrile 
as outer layer. The hybrid nanocomposite is used as conductor-insulator-semiconductor 
sandwich-structured and is partially water-soluble. Wang et al[134] modified multi-
walled carbon nanotubes by formation of block copolymer of poly(tert-butyl 
methacrylate) and polystyrene which was hydrolyzed to polymethacrylic acid (PMAA) 
and tested for dispersion stability in different solvents like water, ethanol, acetone and 
chloroform. Zou et al., prepared large compound vesicle functionalized MWCNTs 
using copolymer of poly(3-(trimethoxysilyl)-propyl methacrylate) and polyethylene 
glycol[135]. With polyethylene glycol being hydrophilic, biocompatible and nontoxic, 
the large-compound vesicle functionalized MWCNTs were water-soluble with potential 
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use in drug delivery methods. A concern is that polymerization methods used to prepare 
copolymer of nanocomposites can degrade the electronic structure of nanotubes as the 
treatments often involve acids. Damage to the surface of carbon nanotubes surface can 
be mitigated by surfactant-assisted polymerization methods[9, 124, 127]. Association of 
monomer and nanotubes can be achieved on CNT surface without disturbing the π 
system while dispersion stability is high for nanocomposites prepared using surfactants. 
For example Xia et al. prepared nanocomposites of poly(methyl methacrylate-co-n-
butyl acrylate) to disperse carbon nanotubes in latex using a surfactant assisted 
polymerization method[136] and Kim et al. developed redispersible SWCNTs in 
organic solvents using polymerizable surfactant by free radical polymerization[125] 
where the nanotube surfaces were not harmed. 
In this paper we examine the application of an emulsion polymerization analogue, 
admicellar polymerization, to encapsulate multi walled carbon nanotubes (MWCNTs). 
The monomers butyl acrylate and methyl methacrylate are employed in combination 
with the surfactant sodium dodecyl sulfate to form a copolymer on carbon nanotubes. 
The copolymer formed on MWCNTs was hydrolyzed with sodium hydroxide to form 
hydrophilic encapsulated MWCNTs. The process of developing a system for admicellar 
polymerization involves measurement of surfactant adsorption and the adsolubilization 
or partitioning of monomers into adsorbed structures (reverse hemimicelles for 
MWCNTs). In addition modified two-site adsolubilization[137, 138] and binary 
adsolubilization[14] models were used to predict aggregation number and partition 
coefficients beween surfactants structures and the bulk solution. 
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Aggregate morphology around nanotubes is still in debate with the most probable 
configurations proposed in literature being cylindrical micelles, hemispherical micelles, 
and a random layer[139]. Based on observations and literature, we assumed that, above 
a low threshold, the aggregate morphology around MWCNTs consists of a sleeve 
around nanotube surface. This structure allowed adaptation of the two-site 
adsolubilization model to estimate aggregation numbers. As initially conceived, the 
two-site adsolubilization model was based on disc shaped admicelles formed on 
hydrophilic substrates much larger in scale than CNTs. Our modification involves 
cylindrical shell around the surface of MWCNTs with a reverse hemimicellar 
configuration (Figure 30). The fundamental hypothesis for the model remains the same, 
that there are two sites at which monomers can be adsolubilized, one within the palisade 
layer and the other at the perimeter of aggregates.  
                         
(a)                                                                         (b) 
Figure 30. Schematic view of modified two-site adsolubilization model (a) Sleeve 
model (b) Cross-sectional view 
For the model, molecular parameters of surfactant and monomers (e.g., cross sectional 
areas of monomer headgroup (AA) ), were obtained from literature [66]. From 
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measurements of adsorption and adsolubilization, the aggregation number can be 
estimated using equation 18. 
                         Navg =
2π(l2+2lRn)
AA
(
Γa
Γs
− (
KbCa
1−(KbCa)
))
−1
                              Equation 18 
where Navg is average aggregation number, Rn is radius of nanotube, l is the length of 
tail of surfactant molecule, AA is cross-sectional area per monomer molecule, a is total 
amount of adsolubilized monomer, s is amount of surfactant adsorbed on MWCNTs, 
Kb is partition coefficient of monomer between hemimicellar and bulk phase, Ca is 
equlibrium concentration of monomer in supernantant. 
Barton et al., developed a binary adsolubilization model to predict the amount of 
adsolubilized species from single component experiments[14]. That work was based on 
the partitioning of aliphatic alcohols into SDS aggregates over alumina. We extended 
the application of this model to investigate a reverse hemimicellar system formed on 
nanotube surface. In this approach one needs to specify the adsorbed amount of 
surfactant, which corresponds to specifying the extent of second phase or number of 
reverse hemimicelles. The partition coeficients can be determined from single 
component experimental data as it becomes constant at higher surfactant concentration. 
From equation 19, we can predict number of moles of the two monomers adsolubilized 
in SDS reverse hemimicelles. 
𝐍𝐭𝐨𝐭 =
𝐕𝐂𝟏𝐍𝐭𝐨𝐭𝐊𝟏
[(𝐊𝟏𝐍𝐭𝐨𝐭)+(𝐕𝐌𝐬𝐨𝐥)]
+
𝐕𝐂𝟐𝐍𝐭𝐨𝐭𝐊𝟐
[(𝐊𝟐𝐍𝐭𝐨𝐭)+(𝐕𝐌𝐬𝐨𝐥)]
+ ([𝐒𝐃𝐒𝟎 − 𝐒𝐃𝐒𝐞𝐪]𝐕)           Equation 19 
Where Ntot is total number of moles in the reverse hemimicelles, N1 and N2 are moles of 
adsolubilized monomers, C1 and C2 are initial concentration of monomers, Msol is 
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molarity of water, K1 and K2 are partition coefficients of adsolubilized monomers and V 
is volume of aqueous phase. 
5.3 Experiments 
5.3.1 Materials 
All chemicals were used as received. SouthWest Nano Technologies Inc. provided the 
multi-walled carbon nanotubes (MWCNTs) with a BET surface area of 295 m2/g. 
Sodium dodecyl sulfate (SDS) surfactant was purchased from Alfa Aesar USA while 
the monomers butyl acrylate (BA) and methyl methacrylate (MMA) were acquired from 
Sigma Aldrich USA. Initiator azobisisobutyronitrile (AIBN) was purchased from Fisher 
Scientific USA. Sodium hydroxide was obtained from EM Science USA.  
5.3.2 Adsorption and Adsolubilization Analysis 
MWCNTs (3 mg) were placed in 20 ml vials with SDS solutions at pH 7 of increasing 
concentrations from 0.01 mM to 100 mM. Samples were sonicated using sonic-
dismembrator (Fischer Scientific F550) at 25% power setting for 10 min. Monomers 
with a total set concentration of 5 mM were added to vials. The samples were sealed 
with aluminum foil and capped with teflon-lined septa held in place with polypropylene 
caps without any headspace left in vials. Vials were placed in a shaker bath at room 
temperature for 14 hrs in order for adsorption and adsolubilization to occur. Amicon 
Ultra-0.5 centrifugal filter devices were used to separate supernatant surfactant solution 
from the MWCNTs using centrifuge at 10000 rpm for 30 min. A small aliquot from 
centrifuged vials was filtered with 0.45m size filters for analysis by HPLC. Adsorption 
and adsolubilization measurements were determined from concentration changes by 
using a C18 surfactant column (RESTEK) (dimensions of 250mm x 4.6mm) with an 
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evaporative light scattering detector for surfactant SDS and a UV-Vis detector for 
monomers BA (242nm) and MMA (231mm). Mobile phases used for analysis were 
methanol and water in ratios of 85:15 for SDS while monomers BA and MMA were 
assayed with similar mobile phase ratio. Calibration curves were obtained for surfactant 
and monomers followed by measurements to obtain adsorption isotherms and 
adsolubilization results.  
5.3.3 Polymer Encapsulation 
MWCNTs (10 mg) were placed in vials along with sodium dodecyl sulfate (6mM) 
solution. Samples were sonicated using an ultrasonic sonic dismembrator at room 
temperature for 10 min. Combination of monomers with a total concentration of 5mM 
were added to vials and placed in a shaker bath at 30oC for equilibration for 14 hrs for 
adsorption and adsolubilization to take place. Initiator concentration with a ratio of 1:2 
with monomers was added to vials and polymerization reaction was carried out for 14 
hrs at 80oC at 80 rpm in shaker bath. Samples were removed from shaker bath and 
vacuum dried at 80oC overnight. The samples were washed with methanol to remove 
trace amount of surfactant. To remove unreacted monomer and labile surfactant, 
samples were Soxhlet extracted with acetone for 48 hrs.  
5.3.4 Hydrolysis 
The dried samples after Soxhlet extraction were dissolved in 20 ml methanol and 1 ml 
of sodium hydroxide (5mM) dissolved in methanol was added to vials. Samples were 
placed in shaker bath at 100oC for 4 hrs for hydrolysis[140, 141]. Samples were washed 
with methanol and dried in vacuum for 12 hrs.  
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5.4 Characterization 
5.4.1 Scanning Electron Microscopy (SEM) 
The encapsulated nanotubes were examined by SEM using a Zeiss NEON high 
resolution SEM with a beam voltage of 5 keV. Samples for SEM were sputter coated 
with a thin layer of iridium. 
5.4.2 Energy Dispersive Spectroscopy 
Energy dispersive spectroscopy (EDS) of encapsulated nanotubes before and after 
hydrolysis was carried out using INCA Energy 250 Energy Dispersive X-ray SEM 
microanalysis system with analytical drift detector at beam energy of 5 keV. Elemental 
analyses provided an indication of carbon, oxygen, sodium and sulfur content on the 
surface of MWCNTs. 
5.4.3 Thermo Gravimetric Analysis (TGA) 
Thermo gravimetric analysis was performed using a NETZSCH STA 449F1 TG 
instrument. TGA studies were carried out as 10 mg samples in alumina crucibles. The 
flow rate of argon was 30 ml min-1 with a protective inert gas argon flow rate of 20 ml 
min-1. Temperature was increased from ambient temperature to 900 ˚C at a heating rate 
of 10˚C min-1. 
5.4.4 Fourier Transform Infra-Red Spectroscopy 
Samples were weighed and mixed with KBr in mortar and pestle. Specac’s Atlas series 
manual hydraulic press was used to prepare KBr pellets for FTIR analysis. FTIR spectra 
of samples were recorded by the KBr pellet testing techniques using Bruker Tensor 27 
FTIR spectrophotometer in the wavenumber range from 4000 to 400 cm-1 for 128 scans 
with a resolution of 4 cm-1.  
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5.5. Results and Discussion 
5.5.1 Adsorption Isotherms 
 
Figure 31. Adsorption isotherm of SDS without and with presence of monomers. 
Adsorption isotherms of SDS alone and in presence of monomers (BA and MMA) are 
plotted in Figure 31. The adsorption isotherm obtained for MWCNTs is comparable to 
adsorption isotherms obtained by Mattaredona et al[142] on single wall carbon 
nanotubes (SWCNTs). As concentration of surfactant increases, adsorption increases 
and plateaus at or near CMC because available sites for adsorption on the nanotube 
surface decrease as the supernatant concentration increases. Adsorption of SDS on 
MWCNTs enhances the stabilization of nanotubes in water, as it diminishes the 
hydrophobic interactions between them. SDS produces an efficient surface coating that 
induces electrostatic or steric repulsions that counterbalances the van der Waals forces 
between MWCNTs.  
As the supernatant concentration of SDS increases, presence of monomer BA has 
negligible effect on the adsorption isotherm. At intermediate concentrations of 
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surfactant however MMA does seem to have an effect, as there is an increase in SDS 
adsorption. MMA, being poorly soluble in aqueous media, might have caused increased 
adsorption of SDS on MWCNTs surface. Monomer solubility influences the behavior in 
the system as it does in micellization, playing an important role in either increasing or 
decreasing the adsorption amounts of surfactants. SDS exhibits an adsorption of 2 g/g of 
nanotube alone and 3 g/g of nanotube in presence of BA and MMA monomer at around 
10 mM supernatant concentration. Compared to adsorption of SDS on other surfaces 
like hydrotalcite[143], silica[144, 145] and alumina[146, 147], peak adsorption of SDS 
is higher on MWCNTs with and without presence of monomers. On the other hand peak 
adsorption on MWCNTs is less compared to single wall carbon nanotubes (SWCNTs) 
as the available surface for adsorption is higher for SWCNTs. The plateau in adsorption 
of SDS on the nanotubes occurs around 10 mM, near the critical micelle concentration 
(CMC). The presence of monomers has negligible effect on the CMC, but amount of 
SDS adsorbed on MWCNTs at CMC has increased. 
5.5.2 Adsolubilization of Monomers 
For adsolubilization of monomers (BA, MMA) on MWCNT surface, presence of 
surfactant is important. In absence of surfactant, monomer BA and MMA adsorption 
was negligible. Observations confirm that amount of monomer adsolubilized depends 
on the extent of adsorption of surfactant. The ratio of monomer adsolubilized to 
surfactant adsorbed decreases with increasing supernatant concentration of surfactant 
before beginning to level off at or near the CMC (Figure 32). This reflects a higher 
proportion of perimeter sites available for many small reverse hemimicelles at low 
coverage while core sites dominate as coverage approaches saturation.  
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Figure 32. Ratio of monomer (BA and MMA) to surfactant (SDS) 
Findings attained by Yeskie et al[148] on alcohols have similar trends, the ratio of 
monomer decreases with increasing surfactant concentration which reflects the 
transition from perimeter sites to palisade sites. In regions of high surface coverage, the 
ratio of monomer to surfactant decreases due to a balance between a loss of peripheral 
sites at edge of the surfactant aggregate and available space for monomer 
adsolubilization within the core of reverse hemimicelle. Determination of relative 
amounts of surfactant and monomer at the substrate surface for different system 
compositions helps to enhance understanding of the nature of reverse hemimicelle with 
adsolubilization and provides evidence for the two-site conceptualization. 
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Figure 33. Aggregation number calculated using modified two-site adsolubilization 
model. 
5.5.3 Modified Two-Site Adsolubilization Model 
Patchwise adsorption of surfactant aggregates gives rise of the two-site adsolubilization 
model with species concentrating within the aggregate structure and at the periphery. 
The change in substrate to nanotubes necessitates a revision to the model. With an 
assumption that SDS on MWCNTs forms a reverse hemimicelle structure, a sleeve 
around the surface of nanotubes replaces the bilayer disc over alumina[137]. Two sites 
are formed on the surface, one in the palisade layer or core layer along the full length of 
the cylindrical shell (Figure 30) and the other at its two ends. Unlike the disc structure, 
peripheral sites do not increase with the size of aggregates, only with the number of 
aggregates. From Figure 33, as the density of surfactant increases, the aggregation 
number calculated from the model followed a near linear increasing trend on a log-log 
plot. Analysis with the modified two-site adsolubilization model yielded aggregation 
numbers ranging from order 103 to 105. These values were similar to Lee et al[137]. For 
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the nanotubes, aggregation numbers of adsorbed surfactants depend on substrate 
morphology as well as nature of the interaction of the adsolubilizate. As the surfactant 
molecular density increases at solid/liquid interface, the sites available in the core 
region increase and Γc dominates.  
5.5.4 Binary Adsolubilization Model 
The binary adsolubilization model enables prediction of the number of monomer 
molecules at the solid/liquid interface in a multi component system from single 
component data. Barton et al., used the binary adsolubilization model to investigate 
separation of n-heptanol and 2-methyl-2-hexanol with sodium dodecyl sulfate surfactant 
admicelles[14]. It is necessary to specify the extent of adsorbed phase or number of 
hemimicelles, which is similar to predetermining the relative volume in a liqud-liquid 
extraction. We examined the suitability of the binary adsolubilization model to predict 
the number of monomer molecules adsolubilized in our reverse hemimicelle system. 
Table 9, Table 10 and Table 11 shows the results predicted versus observed for number of 
moles of monomer of BA and MMA with different ratios of monomers from 25:75, 
50:50 and 75:25 with increasing surfactant concentration. Similar trends were found 
with predicted values being higher than observed at low surfactant coverage while being 
closer at higher levels of coverage. This makes sense since parameters used in the 
model are derived from the plateau region of the single component isotherms[14]. The 
deviation in predicted versus observed values at the low end of the isotherm is due to 
variation of partition coefficient and different reverse hemimicelle structures. At higher 
surfactant concentrations, predicted versus observed data looks similar because of 
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Table 9. Comparison of predicted versus observed for total number of moles in reverse 
hemimicelle and moles of BA and MMA monomers (ratio 75:25) 
BA: MMA - 75:25 
SDS+BA+MMA BA MMA 
NTotal N1 N2 
Predicted Observed Predicted Observed Predicted Observed 
38.54 7.14 25.65 3.37 12.58 2.14 
68.79 29.37 35.92 9.94 20.64 6.97 
96.05 93.54 47.94 32.36 31.44 24.24 
175.91 170.82 84.94 74.58 47.83 50.87 
272.92 260.86 113.33 97.14 70.10 49.32 
320.60 311.48 150.67 136.33 86.01 73.92 
 
Table 10. Comparison of predicted versus observed for total number of moles in 
reverse hemimicelle and moles of BA and MMA monomers (ratio 50:50) 
BA: MMA - 50:50 
SDS+BA+MMA BA MMA 
NTotal N1 N2 
Predicted Observed Predicted Observed Predicted Observed 
38.26 9.21 23.53 3.73 11.49 2.77 
79.89 26.44 38.42 9.56 25.97 9.14 
113.31 129.10 54.09 56.67 42.02 45.69 
185.31 175.43 75.02 68.48 70.25 69.14 
292.50 287.08 95.90 93.31 86.16 84.44 
371.77 351.20 106.40 96.75 96.87 107.90 
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Table 11. Comparison of predicted versus observed for total number of moles in 
reverse hemimicelle and moles of BA and MMA monomers (ratio 25: 75) 
BA: MMA - 25:75 
SDS+BA+MMA BA MMA 
NTotal N1 N2 
Predicted Observed Predicted Observed Predicted Observed 
39.02 9.09 8.75 1.86 24.31 3.72 
67.42 31.42 19.48 4.97 37.59 8.94 
88.23 83.69 27.09 19.29 45.33 37.43 
154.05 149.38 45.91 39.43 75.45 71.42 
220.86 213.81 66.16 62.19 92.52 87.13 
353.34 338.15 88.78 85.22 140.47 136.97 
 
formation of reverse hemimicelles on the surface of nanotube and stable monomer 
adsolubilization occurs in the core sites of reverse hemimicelles. 
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(1) (2) 
      
(3)                                                                   (4) 
Figure 34. SEM analysis of 1. Pristine MWCNTs, 2. PBA-MWCNTs, 3. PMMA-
MWCNTs, 4. PBA/PMMA-MWCNTs. 
5.5.4 Polymer Encapsulation 
SEM images obtained for pristine MWCNTs and for PBA-MWCNTs, PMMA-
MWCNTs and PBA/PMMA-MWCNTs are shown in Figure 34. The average diameters 
of entangled nanotubes were measured using ImageJ image processing program. 
Polymer encapsulation by admicellar polymerization increases the diameter of 
MWCNTs (Table 12) compared to diameter of pristine MWCNTs. The diameters 
(Table 12) of PBA-MWCNTs, PMMA-MWCNTs and PBA/PMMA-MWCNTs were 
similar (13–15 nm) which confirms formation of polymer layer around 9 nm carbon 
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nanotubes in all the samples. Thus the thickness of polymer around MWCNTs formed 
is about 5nm. Compared to diameters in the range of 30-80 nm reported in previous 
works on encapsulated MWCNTs, we achieved thin film encapsulation using 
admicellar polymerization on MWCNTs[127, 136]. 
Table 12. Average diameter of pristine MWCNTs and encapsulated MWCNTs. 
Type Diameter 
(nm) 
MWCNTs 9.1 
MWCNTs with PBA 13.3 
MWCNTs with PMMA 14.5 
MWCNTs with PBA/PMMA 14.6 
 
To analyze the elemental composition, energy dispersive spectroscopy (EDS) was 
carried out on encapsulated MWCNTs before and after hydrolysis (Table 13). 
Compared to pristine MWCNTs, carbon content is reduced and oxygen content 
increased in encapsulated samples. The change confirms formation of polymer as the 
polymer composition consists of mainly carbon and oxygen. The carbon content 
observed is higher than expected for polymers. When testing, high-energy x-ray beams 
can cause surface melting of polymer and expose the nanotubes, thus higher 
percentages of carbon are observed in all encapsulated samples. After hydrolysis of 
encapsulated MWCNTs with sodium hydroxide, oxygen and sodium content increased 
and carbon content decreased in PBA-MWCNTs and PBA/PMMA-MWCNTs as 
expected. The sulfur content was attributed to residual surfactant SDS, trace amounts 
present in all coated samples even after washing and using Soxhlet extraction.  
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Table 13. EDS analysis of encapsulated MWCNTs before and after hydrolysis 
Sample 
Carbon Oxygen Sodium Sulphur 
Before hydrolysis (wt.%) 
MWCNTs 97 1.5 0 0 
MWCNTs with 
PBA 
73.7 15.2 10.2 0.9 
MWCNTs with 
PMMA 
82.3 10.7 5.9 1.1 
MWCNTS with 
PBA and PMMA 
75:25 
78.4 12.3 7.4 0.4 
 
After hydrolysis (wt.%) 
MWCNTs with 
PAA 
66.6 18.1 17.2 0.9 
MWCNTs with 
PMMA 
80.6 11.8 6.5 1.1 
MWCNTS with 
PAA and PMMA 
75:25 
73.1 16.7 9.5 0.4 
 
FTIR spectra of PBA-MWCNTs, PMMA-MWCNTs and PBA/PMMA-MWCNTs are 
shown in Figure 35. Characteristic peaks of PBA and PMMA can be found in the 
respective samples. The C=O characteristic peak in carbonyl group at 1733 cm-1 is clear 
in all the samples as well as peaks at 2923 cm-1 and 2854 cm-1 corresponding to stretch 
mode of C-H bond vibration. The bending vibration of –CH2 or –CH3 groups at 1454 
cm-1 and 1390 cm-1 are seen in all samples. Peaks between 1000-1200 cm-1 can be 
attributed to stretching vibration of C-O group of polymer. In samples after hydrolysis, 
the significant peak for PBA-MWCNTs and PBA/PMMA-MWCNTs between 1350-
1500 cm-1 which corresponds to bending vibration of -CH2 and C-O bonds for 
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carboxylic acids and salts of acetate, which are formed during hydrolysis of acrylate 
polymers[149].  
 
 
Figure 35. FTIR analysis of encapsulated MWCNTs before and after hydrolysis 
From SEM micrographs, FTIR and EDS analysis, polymer formation on MWCNTs was 
confirmed. Thermo gravimetric analysis was implemented on samples to obtain the 
percentage of polymer content in polymer encapsulated MWCNTs. Figure 36 shows 
TGA curves of pristine MWCNTs, PBA-MWCNTs, PMMA-MWCNTs and 
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PBA/PMMA–MWCNTs before and after hydrolysis. The pristine carbon nanotubes 
have high thermal stability and almost negligible weight loss after heating to 900oC. In 
case of samples before hydrolysis, the weight loss observed due to polymer 
decomposition before 400oC signifies a 25-30% polymer content in the samples. Two 
stages of decomposition mechanism were observed in samples before hydrolysis. At  
 
Figure 36. TG analysis of MWCNTs and encapsulated MWCNTs 
around 650oC, there is an additional loss of around 25-30% indicating decomposition of 
higher molecular weight fragments formed during the first stage decomposition and 
leaving nanotubes thereafter. After hydrolysis, hydrolyzed PBA-MWCNTs and 
PMMA-MWCNTs have weight loss of approximately 20% compared to 25% for 
PBA/PMMA-MWCNTs. A difference of about 5-10% higher weight loss was found in 
samples after hydrolysis. The thermal stability of polymer formed after hydrolysis is 
higher than the thermal stability of polymer before hydrolysis. The butyl moiety has 
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higher mass than is present after hydrolysis, contributing to the larger weight loss. 
Formation of sodium salt of poly acrylic acid after hydrolysis affects the decomposition 
rate of polymer. Large ester groups on poly butyl acrylate polymers tend to form poly 
acrylic acid and corresponding olefins by a molecular ester decomposition 
mechanism[150] under thermal analysis but degradation of poly acrylic acid under 
thermal analysis occurs by decarboxylation mechanism[151, 152]. PBA-MWCNTs had 
higher polymer content than PMMA-MWCNTs because of relatively low hydrophobic 
properties of MMA monomer compared to BA monomer[127].  
 
Figure 37. Encapsulated MWCNTs dispersed in water. Picture was taken after 3 days 
dispersion in water. 
From above analytical techniques, polymer formation before and after hydrolysis was 
confirmed. To analyze the dispersion stability of the polymer formed on MWCNTs 
after hydrolysis, MWCNTs were dispersed in aqueous media and left aside for 3 days. 
In Figure 37, hydrolyzed PBA-MWCNTs and hydrolyzed PBA/PMMA - MWCNTs 
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were stable even after 3 days but PMMA-MWCNTs formed aggregates and settled at 
the bottom of the vial. Hydrolysis of PBA to form salts of poly acrylic acid increases 
the dispersion of nanotubes without any external means like sonication. Thus the 
formation of hydrophilic polymer after hydrolysis influences the dispersion stability of 
MWCNTs in aqueous media. 
5.6 Conclusions 
Admicellar polymerization was successfully employed to form copolymer of 
hydrophilic and hydrophobic characteristics around the surface of MWCNTs. 
Adsorption and adsolubilzation measurements were obtained for SDS surfactant and 
acrylate monomers. Presence of monomer has increased the peak adsorption of SDS on 
MWCNTs around CMC of surfactant. The ratio of monomer adsolubilized versus 
surfactant decreases with increasing surfactant concentration before beginning to level 
off at or near CMC of surfactant. For nanotubes, aggregation number of surfactants 
depends on the morphology of substrate. Aggregation numbers were estimated using a 
modified two-site adsolubilization model and sleeves as the structure formed on the 
MWCNTs surface. We examined the suitability of binary adsolubilization to predict the 
number of moles of monomer solid/liquid interface. Surface analytical techniques 
confirm the presence of copolymer of PBA and PMMA on the surface of nanotubes. 
Film thickness of around 5 nm was formed around surface of MWCNTs. The modified 
MWCNTs easily dispersed in aqueous media and remained stable even after 3 days. 
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Chapter 6 
Formation of Copolymer on Multi-Walled Carbon Nanotubes using  
Admicellar Polymerization 
 
6.1 Abstract 
An emulsion like polymerization technique called admicellar polymerization (AP) was 
used to encapsulate a thin film of copolymer on the surface of multi-walled carbon 
nanotubes (MWCNTs). A water-soluble component sodium acrylate and a non-water 
soluble component methyl methacrylate were used to form thin films of copolymer on 
multi-walled carbon nanotubes. The hydrophilic nature will facilitate integration of 
nanotubes into a variety of composite materials by solubilization in aqueous media 
while the poorly water-soluble component should improve stability of the composite. 
Encapsulated MWCNTs were characterized using SEM, energy dispersive spectroscopy 
(EDS), thermal analysis and FT-IR. Analytical studies indicate the formation of 
copolymer on MWCNTs. Monomer conversion rate and copolymer reactivity ratios 
were analyzed using high performance liquid chromatography (HPLC) by Fineman-
Ross and Kelen-Tüdos methods. The copolymer combination showed an alternating 
tendency and azeotropic composition at a composition of 0.6 of monomer. The 
encapsulated MWCNTs were stable in aqueous media with onset of aggregate 
formation beginning at 40 days.  
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6.2 Introduction 
Carbon nanotubes have stirred broad interest across many economic sectors. Since the 
discovery of nanotubes, applications have been developed in fields such as energy 
conversion and storage, electrochemical devices, sensors, nanoscale electronic devices 
and biological applications[130, 153, 154]. Poor dispersion and stabilization of carbon 
nanotubes in common solvents impairs utilization of nanotubes in multiple fields. 
Modification of nanotubes either by grafting or encapsulation with organic molecules 
can improve the solubility of nanotubes in organic and aqueous media. Recently 
incorporation of carbon nanotubes to prepare polymer nanocomposites has generated 
considerable interest, by enhancing properties of materials [114, 116, 118, 119].  
Formation of homogenous CNT/polymer composites, however, is difficult because of 
van der Waals forces between nanotubes[9]. To minimize the interaction and form 
homogenous composites, non-covalent or covalent bonding of functional groups 
between polymer matrix and CNTs surfaces is important. Several groups have 
developed different grafting or polymerization techniques to form polymer/CNT 
composites [124, 126, 134, 155, 156]. Development of polymer/CNT composites by 
grafting or polymerization requires complicated equipment and some treatments involve 
strong acids, which can degrade the electronic structure of nanotubes. To minimize the 
problem, researchers have employed surfactant assisted polymerization methods[9, 127, 
136, 157]. Surfactants adsorb on the nanotube surface without disturbing the π system 
of the tube lattice and reduce van der Waals interactions between carbon nanotubes. 
Thin films of polymers like poly(methyl methacrylate)[136], poly (acrylic acid)[158], 
polyaniline[159] were formed on CNT surfaces using polymerization methods.  
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Encapsulation of MWCNTs with a strong hydrophilic polymer (e.g., polyacrylic acid or 
polyaniline) might dissolve away from the nanotubes. Alternatively if a weak 
hydrophilic polymer like poly(methyl methacrylate) is used, an unstable material would 
likely form in aqueous media. To solve this problem, copolymerization of strong 
hydrophilic component with a hydrophobic component is expected to form more stable 
and more readily redispersable nanotubes. Redispersable polymer/CNT composites can 
be used in different applications like electrochemical reactions[130], electrical 
devices[133], drug delivery methods[132, 135] and radiation therapies[131].  
There has been prior work on copolymers and MWCNTs using different emulsion 
polymerization techniques. Surface-initiated atom transfer radical polymerization was 
employed to form a double layer hybrid nanocomposites of polystyrene and poly acrylic 
acid doped polyacrylonitrile on MWCNTs surface[133]. This polymerization method 
requires acid treatment and ultrasonication to introduce carboxylic functionalization to 
nanotubes before the formation of polymer, which might deteriorate the surface of 
nanotubes. Nguyen et al[160] employed reversible addition-fragmentation chain 
transfer emulsion polymerization mechanism to encapsulate carboxylic acid 
functionalized MWCNTs to form copolymer of butyl acrylate and methyl methacrylate 
at pH 6. Xia et al used in situ emulsion polymerization technique to form copolymer of 
butyl acrylate and methyl methacrylate on to carbon nanotubes by ultrasonication [136]. 
Throughout the polymerization process, ultrasonication is employed and nanotubes 
become thinner as well as shorter[161]. To overcome the aforementioned problems, 
admicellar polymerization(AP) an emulsion polymerization method can be employed as 
it can form thin films on surfaces without deteriorating the nanotubes. A robust method, 
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admicellar polymerization has been used to form thin films on different substrates like 
alumina[162], silica[1] and cotton[163].  
In this paper, we focus on AP to form thin films on carbon nanotube surface. A thin 
polymer layer can be formed on CNTs with the adsorbed surfactant molecules 
functioning as a two-dimensional polymerization solvent. Admicellar polymerization 
follows three basic steps. First step is adsorption of surfactant molecules on to CNT 
surface. The second step is adsolubilization of monomer into adsorbed surfactant on 
CNT surface. The next step is to initiate reaction and once the polymer is formed, 
modified CNTs are rinsed for removal of excess surfactant.  
To encapsulate multi-walled carbon nanotubes, we used the monomers sodium acrylate 
and methyl methacrylate for hydrophilic and hydrophobic polymeric components in 
combination with surfactant sodium dodecyl sulfate and a water insoluble initiator. 
Surface analytical techniques were used to analyze copolymer formation on nanotube 
surface. High performance liquid chromatography analytical studies were used to obtain 
monomer conversion rate, compositions of copolymer and monomer reactivity ratios by 
using Fineman-Ross and Kelen-Tüdos methods. 
6.3 Experimental 
6.3.1 Materials 
All chemicals were used as received. Multi-walled carbon nanotubes (MWCNTs) were 
provided by Southwest Nano Technologies Inc. with a surface area of 295 m2/g. The 
surfactant used was sodium dodecyl sulfate (SDS, Alfa Aesar USA). Monomers used to 
encapsulate MWCNTs were acrylic acid (AA) and methyl methacrylate (MMA) 
obtained from Sigma Aldrich USA. The initiator azobisisobutyronitrile (AIBN) was 
103 
purchased from Fisher Scientific USA. Sodium bicarbonate was purchased from EM 
Science USA. 
6.3.2 Polymer Encapsulation 
MWCNTs (6 mg) were placed in vials along with sodium dodecyl sulfate (6mM) 
solution. Samples were sonicated using a Fischer Scientific 550 Ultra sonic 
dismembrator (25 % power of 10 watts) at room temperature for 10 min. Combination 
of monomers with a total concentration of 4mM were added to vials and placed in a 
shaker bath at 30oC for 14 hrs for adsorption and adsolubilization to take place. Initiator 
concentration with a ratio of 1:2 with monomers was added to vials and sodium 
bicarbonate (2mM) was added to increase the pH of solution to 8.5. The polymerization 
reaction was carried out for 14 hrs at 80oC in a shaker bath at 80 rpm. The samples were 
removed from the shaker bath and vacuum dried at 80oC overnight. The samples were 
washed with methanol to remove labile surfactant. 
6.4 Characterization 
6.4.1 Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR spectra of samples were recorded by the KBr pellet testing techniques using a 
Bruker Tensor 27 FTIR spectrophotometer in the wavenumber range from 4000 to 400 
cm-1 for 128 scans with a resolution of 4 cm-1. Samples were weighed and mixed with 
KBr in mortar and pestle. Specac’s atlas manual hydraulic press was used to prepare 
KBr pellets for FTIR analysis. 
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6.4.2 Scanning Electron Microscopy (SEM) 
The encapsulated nanotubes were examined by SEM using a Zeiss NEON high 
resolution SEM with a beam voltage of 5 keV. Samples for SEM were sputter coated 
with a thin layer of iridium. 
6.4.3 Thermo Gravimetric Analysis (TGA) 
Thermo gravimetric analysis (TGA) was performed using a NETZSCH STA 449F1 TG 
instrument. TGA studies were carried out as 10 mg samples in alumina crucibles. The 
flow rate of argon was 30 ml min-1 with a protective inert gas argon flow rate of 20 ml 
min-1. Temperature was increased from ambient temperature to 900 ˚C at a heating rate 
of 10˚C min-1. 
6.4.4 Energy Dispersive Spectroscopy (EDS) 
Energy dispersive spectroscopy (EDS) of samples was carried out using INCA Energy 
250 Energy Dispersive X-ray SEM microanalysis system with analytical drift detector 
at beam energy of 5 keV. Elemental analyses provided an indication of carbon, oxygen, 
sodium and sulfur content on the surface of MWCNTs. 
6.4.5 UV-Vis Spectrophotometry 
Shimadzu scientific UV-3600 plus UV-Vis spectrophotometer was used to obtain 
absorbance spectra for encapsulated and pristine nanotubes. The samples were tested for 
UV-Visible region of wavelength range from 900 nm to 190 nm. Aqueous solutions of 
encapsulated nanotubes (1 mg/ml) were prepared for analysis. Pristine nanotubes were 
dissolved in ethanol (1mg/ml) and diluted to obtain the spectra.  
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6.4.6 Determination of % Monomer Conversion and Copolymer Composition  
To study percent conversion and copolymerization of acrylic acid and methyl 
methacrylate, two sets of experiments were carried out. The first set of experiments was 
analyzed to know the % conversion of monomer. MWCNTs (0.6 mg) and sodium 
dodecyl sulfate solution (6mM) were added to 10ml vials. Samples were sonicated 
using an ultra sonic dismembrator (25% power of 10 watts) at room temperature for 
10min. Adsorption, adsolubilization and reaction were carried out at a total monomer 
concentration of 4mM and shortened reaction times. The solutions were maintained at 
pH 8.5 and reaction temperature was 80oC. After a pre-determined time, vials were 
removed from shaker bath and transferred to cooling bath to stop the polymerization 
reaction. After the vials were cooled to room temperature, Amicon Ultra-0.5 centrifugal 
filter devices were used to separate supernatant solution from the MWCNTs using 
centrifuge at 10000 rpm for 30 min. A small aliquot from the centrifuged vials was 
filtered with 0.45m size filters for analysis by HPLC. The % conversion of monomer 
(equation 20) was determined from the initial and final concentration changes measured 
by using a C18 surfactant column (RESTEK) (dimensions of 250mm x 4.6mm) with a 
UV-Vis detector for monomers AA (200nm) and MMA (231mm). Mobile phases used 
for analysis were methanol and water in ratios of 85:15 for AA and MMA, respectively. 
                      % 𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 =
𝐂𝐢𝐧𝐢𝐭𝐢𝐚𝐥−𝐂𝐟𝐢𝐧𝐚𝐥
𝐂𝐢𝐧𝐢𝐭𝐢𝐚𝐥
× 𝟏𝟎𝟎                                     Equation 20 
To study copolymerization composition of AA and MMA, experiments were carried out 
with MWCNTs (0.6 mg) and sodium dodecyl sulfate solution (6mM) in 10ml vials. 
Samples were sonicated using an ultra sonic dismembrator (25% power of 10 watts) for 
10 min at room temperature. Combined total concentrations of 4mM of monomers AA 
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and MMA were added to vials for adsolubilization and react as before. To utilize the 
copolymer equation, the monomer conversion rate was restricted to less than 10%. 
From the conversion experiments, the time for polymerization was set to 1hr. After the 
set time, the reaction was stopped by cooling in an ice bath. After the vials were cooled 
to room temperature, Amicon Ultra-0.5 mL centrifugal filters were used to separate 
supernatant solution from the MWCNTs at 10000 rpm for 30 min. A small aliquot from 
the centrifuged vials was filtered further with 0.45m size filters prior to analysis by 
HPLC. The copolymer composition was inferred from the initial and final concentration 
changes measured by using a C18 surfactant column (RESTEK) (dimensions of 250mm 
x 4.6mm) with a UV-Vis detector for monomers AA (200nm) and MMA (231mm). 
Mobile phases used for analysis were methanol and water in ratios of 85:15 for AA and 
MMA, respectively. Calibration curves were obtained for monomers followed by 
measurements for percent conversion and copolymer composition. 
6.5 Results and Discussion 
Commercially available pristine MWCNTs were encapsulated with sodium salt of poly 
acrylic acid and poly methyl methacrylate copolymers to obtain a semi water-soluble 
nanocomposites using AP. Samples were analyzed to confirm the interaction of polymer 
with carbon nanotubes. Pristine MWCNTs are used as obtained and encapsulated 
nanotubes are termed as PAA-MWCNTs, PMMA-MWCNTs and PAA/PMMA – 
MWCNTs. 
 
107 
 
Figure 38. FTIR analysis of pristine MWCNTs and encapsulated MWCNTs 
6.5.1 Analysis of Encapsulated MWCNTs 
FTIR spectra of pristine MWCNTs, PAA-MWCNTs, PMMA-MWCNTs and 
PAA/PMMA-MWCNTs are displayed in Figure 38. The characteristic peaks of 
polymers can be observed in all the encapsulated samples. The peaks between 1000 cm-
1 to 1200 cm-1 are attributed to stretching vibration of C-O group present in all 
encapsulated samples. In PMMA-MWCNTs, the characteristic peak for a C=O carbonyl 
group at 1733 cm-1 is clear in the spectra along with other characteristic peaks for 
PMMA. The peak at 1562 cm-1 corresponds to an anti-symmetric peak for carboxyl 
group (–COO) in PAA samples evident in PAA-MWCNTs and PAA/PMMA-
MWCNTs. The peak at 2940 cm-1 corresponds to the stretching mode of C-H vibration 
of polymer evident in all samples. The interactions for PAA-MWCNTs and 
PAA/PMMA-MWCNTs at 2940 cm-1 are present even in MWCNTs indicating 
MWCNTs are undisturbed after PAA wrapping[149]. The peak at 1275 cm-1 
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corresponds to a C-O symmetric peak for PAA interactions with the nanotube surface 
evident in both PAA-MWCNTs and PAA/PMMA-MWCNTs[152]. From the results, it 
suggests that physical interactions between MWCNTs and polymer exist. The strong 
peaks observed at the respective wavenumbers suggest that interactions are stronger 
between MWCNTs and polymer. The FTIR does not provide unambiguous evidence for 
the presence of PMMA, which could be inferred from conversion and TGA data (see 
below). 
 
Figure 39. TGA of pristine MWCNTs and encapsulated MWCNTs 
Results for thermo gravimetric analysis of pristine MWCNTs, PAA-MWCNTs, 
PMMA-MWCNTs, and PAA/PMMA-MWCNTs are plotted in Figure 39. Thermo 
gravimetric analysis provides data on polymer content. The rate of decomposition of 
polymer depends on molecular weight and tacticity which have a profound effect on 
decomposition rate [164]. The pristine carbon nanotubes have negligible weight loss 
even after heating to 900oC in an inert atmosphere because of high thermal stability. In 
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the case of PAA-MWCNTs around 50% weight loss was observed when the 
temperature reached 400oC. In the case of PMMA-MWCNTs, when the temperature 
reached 400oC there was a weight loss of about 30%. PMMA doesn’t decompose until 
around 250oC - 300oC as the end chain mechanism do not occur due to lack of double 
bond[164]. The polymer content for the copolymer of PAA and PMMA was around 
40% at 400oC. At 600oC an additional weight loss of about 20- 25%, occurs due to 
decomposition of higher weight fractions formed during the initial stage of 
decomposition at 250-300 oC. Thus the polymer content in the samples was added to 
around 70% for PAA, 60% for PAA/PMMA and 50% for PMMA encapsulated 
MWCNTs. The chemical cross-linked copolymer of PMMA was found to decompose 
by forming char rather than end chain scission resulting in a polymer with high thermal 
stability[164]. The thermal stability of the copolymer of PAA/PMMA increased as the 
decomposition temperature increased compared to PAA encapsulated MWCNTs. 
Moreover, TGA provides evidence in support of the presence of PMMA in the 
copolymer. 
SEM images obtained for pristine MWCNTs, PAA-MWCNTs, PMMA-MWCNTs and 
PAA/PMMA-MWCNTs are represented in Figure 40. Encapsulation of thin films of 
polymer on nanotube surface increases the diameter of MWCNTs. The average 
diameters of pristine and encapsulated MWCNTs were measured using ImageJ image 
analysis program. Average diameters of encapsulated MWCNTs were around 13nm 
(Table 14) while the diameter of pristine MWCNTs were smaller compared to 
encapsulated nanotubes. The diameters (Table 14) for PAA-MWCNTs, PMMA-
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MWCNTs and PAA/PMMA-MWCNTs were more or less equal. The average diameters 
confirm thickness of polymer of about 4nm around the surface of MWCNTs. 
Table 14. Average diameter from SEM micrographs 
Sample Average diameter (nm) 
Pristine MWCNTs 9.2 
PAA - MWCNTs 13.2 
PMMA - MWCNTs 12.6 
PAA/PMMA - MWCNTs 13.2 
 
 
Figure 40. SEM micrographs (1) pristine MWCNTs (2) PAA – MWCNTs (3) PMMA – 
MWCNTs (4) PAA/PMMA – MWCNTs 
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Energy dispersive spectroscopy was conducted to obtain elemental composition of 
samples with the weight percentage of elements present in pristine MWCNTs and 
encapsulated MWCNTs shown in Table 15. Pristine MWCNTs contain mostly carbon as 
evidenced by the elemental analysis. Polymer formation around the surface of 
nanotubes decreases the percentage of carbon but increases the amount of oxygen and 
sodium. High percentages of carbon are observed in all encapsulated samples because 
the high energy X-ray beam can cause surface melting of polymer and expose the 
nanotubes during testing. The amount of sodium and sulphur in PMMA-MWCNTs, are 
contributed by trace amounts of surfactant on the nanotube surface even after washing 
the sample. Addition of sodium bicarbonate to control reaction pH increases the amount 
of sodium in PAA-MWCNTs and PAA/PMMA-MWCNTs, as the salts of polymer are 
present in the samples. 
Table 15. EDS analysis for elemental composition of encapsulated MWCNTs 
Sample Carbon Oxygen Sodium Sulphur 
Pristine MWCNTs 97 2.8 0 0 
PAA - MWCNTs 87.6 9.0 2.5 0.9 
PMMA - MWCNTs 92.4 6.9 0.8 1.1 
PAA/PMMA - MWCNTs 90.2 7.5 1.6 0.7 
 
Figure 41 shows typical UV-Visible spectra obtained from dilute solutions of pristine 
multi-walled carbon nanotubes and encapsulated nanotubes. UV-Vis spectra were 
performed to observe any change in electronic structure of nanotube surface or 
interaction between polymer and nanotubes[158]. No significant peaks were observed 
for interactions between nanotubes and polymers. At around 220 nm, small bands were 
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observed in samples, which can be attributed to C=C interaction of MWCNTs. In 
addition several weak bands were observed at around 900 nm, might indicate a band-to-
band transition of nanotubes in composite. No significant evidence is obtained to 
confirm the change in electronic structure of nanotubes from UV-Vis analysis. 
 
Figure 41. UV-Vis spectra of pristine MWCNTs and encapsulated MWCNTs 
6.5.2 Determination of Monomer Conversion and Copolymer Composition 
Conversions of monomers (AA, MMA) to form a copolymer on MWCNTs were plotted 
in Figure 42. Monomer conversion rate was calculated using equation 20. It is clear that 
the rate of conversion of AA was higher than that of MMA. As acrylic acid is smaller 
molecule than methyl methacrylate, diffusion of acrylic acid monomer from supernatant 
solution is higher than the MMA. When the polymerization reaction initiates, monomer 
diffuses from supernatant to surfactant micelles to compensate the loss during 
polymerization reaction[165]. Similarly, polymerization proceeds on the surface as the 
113 
monomer concentration is maintained at the equilibrium level by diffusion of monomer 
from solution. From Figure 42, the conversion rate increases with time and reaches 
around 80% conversion rate at 14 hrs and remains constant thereafter, indicating 
saturation of polymerization. Polymerization rate is unaffected once the monomer 
molecules have reached saturation in supernatant solution and polymer was saturated on 
the surface[166]. 
 
Figure 42. Conversion of monomers vs. time 
We used high performance liquid chromatography to find the copolymer composition 
and monomer reactivity ratios r1 and r2. Mole fractions of monomers AA and MMA in 
the feed are given as F1 and F2. Mole fractions of co-monomer units in the copolymer 
(f1 and f2) found using analysis of the supernatant solution were also found using 
HPLC. Copolymerization reactions were carried out under low conversion conditions 
(<10%) to determine monomer reactivity ratios (r1 and r2) in the stationary kinetic stage 
by using known terminal models of Fineman-Ross and Kelen-Tüdos equations, 
(equations 21 and 22) respectively:  
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Table 16. Fineman-Ross and Kelen-Tüdos parameters for copolymerization of AA and 
MMA 
Mole fraction of AA Mole ratio of AA Fineman-Ross Kelen - Tüdos 
In feed 
F1 
In copolymer 
f1 
In feed 
X 
In copolymer 
Y 
𝑿𝟐
𝒀
 
𝑿(𝒀 − 𝟏)
𝒀
 ξ η 
0.15 0.215 0.176 0.275 0.113 -0.464 0.127 -0.640 
0.30 0.335 0.428 0.504 0.363 -0.420 0.325 -0.430 
0.45 0.495 0.818 0.980 0.682 -0.016 0.428 -0.012 
0.60 0.603 1.500 1.520 1.480 0.513 0.694 0.245 
0.75 0.731 3.000 2.721 3.306 1.897 0.992 0.484 
 
                                                   
𝐗(𝐘−𝟏)
𝐘
= 𝐫𝟏 (
𝐗𝟐
𝐘
) − 𝐫𝟐                                        Equation 21 
                                            𝛈 = (𝐫𝟏 +
𝐫𝟐
𝛂
) 𝛏 −
𝐫𝟐
𝛂
                                          Equation 22 
Where X is the mole ration of monomers in feed, X = [AA/MMA]; Y is the mole ratio 
of co-monomer units in copolymers. ξ and η are parameters of Kelen-Tüdos and α is 
arbitrary constant.  
                                                     
Y  = 
f1
f2
                                                      Equation 
23   
 
                                              𝛏 =
(
𝐗𝟐
𝐘
)
((
𝐘𝟐
𝐘
) + 𝛂)
⁄                                        Equation 24  
                                           𝛈 =
(
𝐗(𝐘−𝟏)
𝐘
)
(
𝐗𝟐
𝐘
+ 𝛂)
⁄                                      Equation 25 
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                                             𝛂 = [(
𝐗𝟐
𝐘
)
𝐦𝐢𝐧
(
𝐗𝟐
𝐘
)
𝐦𝐚𝐱
]
𝟏
𝟐⁄
                                Equation 26 
Table 16 lists the parameters for Fineman-Ross and Kelen-Tüdos calculated using 
equations 21 and 22. To obtain monomer reactivity ratios by the Fineman-Ross method, 
equation 21 was plotted (Figure 43a) to obtain the slope and intercept. The slope and 
intercept gives the monomer reactivity ratios r1 and r2 as 0.7536 and 0.5941. From the 
Kelen-Tüdos plot (Figure 43b) of equation 22, monomer reactivity ratios were calculated 
giving r1 as 0.5789 and r2 as 0.4629. The reactivity ratios confirm that AA has higher 
polymerization rate than MMA[167]. The product of the monomer ratios (r1r2) was 
much lower than 1 indicating the copolymer system showed an alternating tendency and 
formed random copolymers. Fineman-Ross and Kelen-Tüdos methods gave similar 
trends of the monomer reactivity ratios. Because r1 and r2 values were less than 1 and 
from curve in Figure 44, AA and MMA system was found to exhibit azeotropic 
polymerization at a particular composition. 
The azeotropic composition was calculated using equation 27.  
                                                𝐅𝐀 =
𝟏−𝐫𝟐
𝟐−𝐫𝟏−𝐫𝟐
                                          Equation 27 
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(a)                                                                   (b) 
Figure 43. Fineman-Ross (a) and Kelen-Tüdos (b) plots for copolymer of AA and 
MMA with a total concentration of 4mM and mole fraction of AA in co-monomer feed 
varied from 0.15 to 0.75 
The azeotropic composition calculated from the Fineman-Ross and Kelen-Tüdos 
methods were 0.62 and 0.56 respectively, which were close to that of 0.6 as plotted in 
Figure 44. When the mole fraction of AA in the feed (F1) was 0.6, the copolymer formed 
would have the same composition as that of the feed. When F1 was lower than 0.6, AA 
in the copolymer composition was higher than that in the feed. When F1 was above 0.6, 
the copolymer was richer in MMA units. Although the system showed a tendency 
toward an alternating copolymer (r1
.r2 < 1), there was a small range of feed composition 
(0.6-1.0) in which the resulting copolymer was richer in MMA units. Thus, formation of 
an alternating copolymer occurred preferentially with AA monomer. 
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Figure 44. Comparison mole fraction of AA in co-monomer feed and the mole fraction 
in copolymer feed. 
6.5.3 Dispersion Stability of Encapsulated MWCNTs: 
        
(1)    (2) 
 
Figure 45. Solubility of encapsulated MWCNTs in aqueous media at different time 
frames (1) 3 days (2) 40 days 
To analyze the dispersion stability of encapsulated polymers on MWCNTs, samples 
were dissolved in aqueous media (Figure 45). Encapsulation of hydrophilic polymer has 
a significant effect on dispersion of the MWCNTs, as the PAA-MWCNTs remain stable 
even after 40 days. The carboxyl group in PAA surrounding the MWCNTs should 
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decrease the van der Waals force between the nanotubes thus making the encapsulated 
MWCNTs dispersible in aqueous media. PMMA-MWCNTs formed aggregates and 
settled at the bottom of vial in less than 3 days, as the PMMA is hydrophobic. 
Copolymer of PAA/PMMA-MWCNTs was stable for 40 days, although the dispersion 
was not stable after 40 days and showed a tendency to form aggregates. This indicates 
the formation of hydrophobic PMMA in encapsulated MWCNTs does affect the 
stability of dispersion in aqueous media. Therefore a copolymer formation of 
hydrophobic and hydrophilic content does affect the stability of dispersion.  The 
advantage of using polymerization mechanism is that, we can form a thin film of 
polymeric encapsulation without disturbing the surface heterogeneity of carbon 
nanotubes. The formed thin film of copolymer is stable for up to 40 days. 
6.6 Conclusion 
In this work, we demonstrated the application of admicellar polymerization to obtain 
thin films on MWCNTs. A thin film of copolymer on the surface was effectively 
developed using PAA and PMMA. FTIR results confirmed the presence of copolymer 
in the samples. Around 4nm thick films of polymer were formed due to admicellar 
polymerization. The monomers AA and MMA showed an alternating tendency in 
copolymer formation on the surface and exhibited an azeotropic composition around 0.6 
of monomer AA. The PAA-MWCNTs formed a stable dispersion even after 40 days but 
copolymers of PAA/PMMA-MWCNTs were stable for up to 40 days and after which 
the copolymer began to form aggregates. 
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Chapter 7 
Conclusions 
In this dissertation, application of admicellar polymerzation to develop the properties on 
the substrate surface has been explained. Formulations were developed to obtain thin 
film coatings on the surfaces of cotton and multiwalled carbon nanotubes to obtain the 
respective properties.  
7.1 Summmary from Part I 
 Developed formulations to obtain thin film coatings on susbstrate surface using 
admicellar polymerization. 
 Adsorption and adsolubilization data were obtained for a cationic surfactant 
(FS1620) and zwitterionic surfact (FS230) with TFEM, OFPM fluoromonomers.  
 Aggregation numbers of fluorosurfactants were calculated using two-site 
adsolubilization model to analyze the polymer formation on the surface.  
 PA1 and PA2 formulations were developed to obtain stain resistance/stain 
release properties.  
 The performance of the fabric was compared to commercially available samples 
to evaluate the quality of the treatment. 
 Formulations were scaled up from laboratory scale of 20ml vial size to pilot 
scale unit size of 68L.  
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7.2 Summary from Part II 
 Formulations were developed to obtain thin film coatings on the surface of 
multi-walled carbon nanotubes.  
 Two different formulations were developed to obtain semi-hydrophilic 
properties. 
 Developed adsorption isotherms and adsolubilization data to obtain the optimal 
formulation. 
 Modifed two-site adsolubilization model to obtain the aggregation numbers of 
surfactants on the MWCNTs surface. 
 Thin films formed on the MWCNTs were stable even after 3 days. 
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Appendix -A:  Extended work for adsorption and adsolubilization of C6 
fluoromonomer  
Apart from the chemicals used in Chapter 2, 1H, 1H, 2H, 2H-Perfluorooctyl acrylate, 
was also analyzed to obtain the adsorption and adsolubilization data.  
Materials: 
The monomer 1H, 1H, 2H, 2H-Perfluorooctyl acrylate (C6) was purchased from 
Synquest labs, USA. The remaining chemicals were described in Chapter 2.3.1. 
Experimental Analysis 
The experiments were conducted with the monomer as described in Chapter 2.3.2. 
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Results:  
 
 
Figure A.1: Adsorption isotherm of surfactants alone and in the presence of monomers 
(a) FS 230 (b) FS 1620 
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Figure A.2: Ratio of adsolubilized fluorormonomer to adsorbed fluorosurfactant 
(a) FS 230 (b) FS1620 
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Figure A.3: Ratio of adsolubilized fluorormonomer to adsorbed fluorosurfactant 
(a) FS 230 (b) FS1620 
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Figure A.4: Aggregation number for fluorosurfactants in presence of fluoromonomers 
(a) FS 230 (b) FS1620 
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Appendix –B: Analytical tests and equipments used to develop 
formulations 
Mechanism of reaction:  
 
Binding agent interaction on cellulose (mechanism obtained from Chem. Soc. Rev. 
2009, 38, 2046-2064 and Polym. Degrade. Stabil. 109, 2014, 137-146) 
 
Initiation of reaction 
 
Reaction of initiator with TFEM and OFPM (R = CF3 and R1 = CH2 (CF2) 4H) 
 
Formation of fluoropolymer with binding agent on cotton surface with PA1 formulation 
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Reaction of initiator with TFEM and C6 (R = CF3 and R1 = CH2CH2 (CF2)5CF3) 
 
 
Formation of fluoropolymer with binding agent on cotton surface with PA2 formulation 
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Analytical tests:  
1. Contact angle 
 
Figure B.1: Optical tensiometer by KSV instruments 
                      
Figure B.2: (a) Measurement of contact anlge (b) variation of contact angle from 
hydrophilic to super hydrophobic 
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2. Spray test 
The treated fabrics are characterized with AATCC test method 22 called as spray test.  
               
Figure B.3: (a) Spray test apparatus (b) Standard spray test ratings picture 
Table B.1: Spray test ratings 
100 No sticking on wetting of upper surface 
90 Slight random sticking or wetting of upper 
surface 80 Wetting of upper surface at spray points 
70 Partial wetting of whole of upper surface 
50 Complete wetting of whole of upper surface 
0 Complete wetting of whole upper and lower 
surface  
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3. Mechanical Characterization: 
 
Figure B.4: SSTM tester according to ASTM D1708 
4. Stain resistance and stain repellency tests 
Reflectance measurements were measured Ultra scan colorimeter by Hunter lab 
 
Figure B.5: Ultra scan colorimeter 
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5. Pictures of fabric for stain recovery and stain release tests: 
Samples were treated with Crisco vegetable oil, Hellmann’s mayonnaise, Heinz 
ketchup, coffee, French’s mustard, fresh grease.  
 
Figure B.6: Untreated Interlock fabric (a) with stains (b) after wiping stains 
 
Figure B.7: Formulation PA2 treated fabric (a) with stains (b) after wiping stains 
     
Figure B.8: Reference sample 1 (a) with stains (b) after wiping stains 
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Figure B.9: Reference sample 2 (a) with stains (b) after wiping stains 
 
Figure B.10: Formulation PA2 reated fabric (a) after wiping stains (b) after 1 home 
laundering wash 
6. Scale up of Process:  
Initial experiments were performed in 20 ml vials in shaker bath (Fig.B.11) for 
laboratory scale. pH of solution maintained at 4. The fabric used was interlock knit 
cotton fabric. After the treatment for 4hrs the fabric was dried overnight. The sample 
was then tested to analyze its characteristics using water repellency and oil repellency 
tests. 
 
Figure B.11: Shaker bath 
After passing 5 HL (home launderings), the formulation was scaled up to pilot level 
with the reactor size being increased from 20mL to 1L. The formulation and conditions 
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were kept constant and the trial was carried out in a Werner Mathis Labomat unit (Fig. 
B.12). The sample was then subjected to tests for analyzing repellency characteristic 
based on water repellency and oil repellency. Additionally, the Spray Test (AATCC 
Test Method 35) was also carried out on the pilot trial samples since the sample size 
now permitted this test. 
 
Figure B.12: Werner Mathis Labomat Unit 
After successful scale up for 1lt in Werner Mathis Labomat unit, we obtained a pilot 
scale version of equipment of Werner Mathis JF unit (Fig B.13) used in industry having 
a volume of 3L. The formulation and conditions were kept constant and the trial runs 
were carried. As evident from the Figure B.13, the mixing mechanism in the unit 
resembles mixing in a front-loading washing machine, and is found in several 
industrially used dyeing units. Various processing conditions were studied in order to 
obtain the optimum conditions for getting a good finish. The optimum fill volume was 
found to be approximately 90% of the total volume of the chamber. The samples were 
then subjected to tests for analyzing repellency characteristic based on water repellency 
and oil repellency. 
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Figure B.13: Werner Mathis JF unit 
After scaling up to 3L, we obtained exhaust-dyeing unit of capacity 68L from Unimac. 
As shown in Figure B.14, the equipment is similar to frontloading washing machine as 
JF unit. The formulation and conditions were kept constant and the trial runs were 
carried. The samples obtained were subject to tests for analyzing water and oil 
repellency characteristics. 
 
Figure B.14: Unimac exhaust dyeing unit 
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The performance obtained on cotton knit fabric is hydrophobic and oleophobic and 
comparable to results obtained from pilot scale units used. After successful scale up of 
process to 68L, we developed operating procedure to run the experiments with Unimac 
exhaust dyeing unit. 
 
Operating procedure for Unimac exhaust dyeing unit: 
 Ensure that the drain valves are closed. 
 Turn the Main switch ON located on the back panel of the Unimac. 
 Turn the main power ON located on the controller console. 
 Turn the water inlet ON. Collect the water in the holding tank and turn 
Water Inlet OFF after required amount of water is collected in the holding 
tank. 
 Turn the pump ON from the controller console. 
 After the pump is running for approximately 5 minutes, turn the valve ON 
for enabling the water to flow through the Unimac. 
 Let the flow continue for 5 minutes. 
 Add all the chemicals for Formulation 1 to the holding tank and let the 
flow action mix the chemicals for 10 minutes. 
 Set the temperature to 176 F at the controller console and turn the heater 
ON. 
 Maintain a very close watch on the heater and ensure that no smoke or a 
burning smell is emanated from the heater. 
 Load the required weight of fabric in the Unimac and shut the door tight. 
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 Let the temperature reach 145 F before proceeding to the next step. 
 Add Formulation 2. 
 Turn the key to RUN mode and select Cycle 53 from the Cycle menu. 
Load the cycle onto the Unimac. 
 Keep monitoring regularly (at least every 15 minutes) to ensure safety of 
the equipment. 
 Once the cycle is complete and reaction solution drained, take the fabric 
out and carry out required post reaction treatment. 
 Turn the heater off from the controller console. 
 Let the solution still be in circulation till it reaches approximately 40 deg C 
(104 deg F) and then turn the pump OFF from the controller console. 
 Drain the solution in waste containers or retain for next run as per 
requirement. NEVER DRAIN THE SOLUTION INTO BUILDING 
DRAINS. 
Formulation 1: 
Formulation 1 should be pre mixed before addition to the holding tank. 
43g FS 230                  dissolved in 2.5L water 
7g FS 1620              dissolved in 1L water 
200g C6               dissolved in 1.5L IPA 
80g TFEM               dissolved in 1.5L IPA 
0.26g of acrylamide (BA)/ g of fabric to be added directly 
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Formulation 2: 
77g AIBN  dissolved in 2L IPA 
Emergency shut down procedure for equipment: 
 PULL EMERGENCY KNOB LOCATED ON FRONT PANEL OF UNIMAC 
IN CASE OF AN EMERGENCY.  
 WHEN AN EMERGENCY IS RECOGNIZED, DO NOT WAIT FOR 
SYSTEM TO STABILIZE AND PULL EMERGENCY SWITCH 
IMMEDIATELY. SAFETY FIRST. 
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Appendix –C Modified two-site Adsolubilzation for calculation of 
adsolubilization of MWCNTs  
                         
(a)                                                                         (b) 
Figure C.1: Schematic view of modified two-site adsolubilization model (a) Sleeve 
model showing monomer at the peripheral site (b) Cross-sectional view with monomer 
in the core 
Figure C.1 shows an illustration of the modified two-site adsolubilization model for 
monomer adsolublized into surfactant hemimicelle. One site for adsolubilization is in 
the palisade layer of the hemimicelle core between headgroups of surfactant molecules 
represented as c. The other site for adsolubilizates with a hydrophobic moeity is on 
hydrophobic perimeter of sleeve shaped hemimicelle represented as p. The total 
adsolubilized amount of monomer (a) can be expressed as  
                                                                   Γ𝑎 = Γ𝑐 + Γ𝑝                                                (1) 
The partition coefficient (K) of monomer between hemimicellar and bulk phases is 
defined as follows:  
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                                                                      K  = 
Xc
Ca
                                               (2) 
                                                              Γc = Xc(Γs + Γc)                                            (3) 
Where Xc is ratio of adsolubilized monomer (c) per adsorbed amount of surfactant 
(s), Ca is equilibrium concentration of monomer in supernatant. We assume there are 
no micelles present in supernatant at equilibrium. At coverages close to saturation, 
partition coefficient K can be considered as experimentally measured partition 
coefficient Kb.  
                                                            Γc = (
KbCa
1−(KbCa)
) Γs                                          (4)  
Now, we need to develop an expression for the adsolubilized amount of monomer on 
perimeter of surfactant aggregates. Assuming the surfactant aggregates form a sleeve on 
the nanotube, hydrophobic surface area of cylinder Ah, can be calculated from  
                                                        Ah = 2π((Rn + l)
2 − Rn
2 )                                     (5) 
where l is the length of tail of surfactant molecule and Rn is radius of nanotube. From an 
assumption that the hydrophobic surface area (Ah) resembles an oil/water interface to 
the monomer molecules, one can obtain the value of adsorbed molecules for a monomer 
monolayer, Ah/AA in which AA is cross-sectional area per monomer molecule (Table 1). 
After multiplying this value by the number of cylinder-shaped surfactant aggregates 
(s/Navg), adsolubilized amounts of monomer on hydrophobic perimeter of sleeve-
shaped hemimicelle can be estimated as  
                                                            Γp =
AhΓs
AANavg
                                                 (6) 
156 
The combination of equation from 1 and 3-7 yields average aggregation number in 
terms of known quantities as 
                                         Navg =
2π(l2+2lRn)
AA
(
Γa
Γs
− (
KbCa
1−(KbCa)
))
−1
                          (7) 
Table C.1: Numerical values used for calculating aggregation numbers in modified 
two-site adsolubilization model 
Category SDS BA MMA 
la (nm) [66] 1.6 - - 
AA
b (nm2)[66] - 0.263 0.263 
Kb
c(M-1) - 956.09 674.22 
Molecular weightd 288.38 128.14 100.12 
 
aTheoretical length of fully extended tail of surfactant, bCross sectional area per 
monomer head group, cEstimated from an experimentally measured partition coefficient 
at full coverage of nanotube surface (This paper), dMolecular weight obtained from 
MSDS of respective chemicals. 
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Binary Adsolubilization model 
              
(a)                                                                        (b) 
Figure C.2: Schematic representation of binary adsolubilization model (a) cross-
sectional view (b) side view  
The total number of moles in the hemimicelle Ntot is  
                                                   Ntot = N1 + N2 + N3                                               (8) 
Where N1 and N2 are the moles of adsolubilized monomers and N3 is the number of 
moles of surfactant adsorbed and V is volume of aqueous phase 
                                              N3 = ((SDS)0 − (SDS)eq)V 
                                      (9)
 
If C1,0 is the initial concentration of monomer 1 and Msol is the molarity of water, then at 
equilibrium 
                                                        X1 =
(VC1,0)−N1
VMsol
  
                                             (10)
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                                            Y1 =
(VC1,0)−N1
VMsol
K1
⁄
                                                           (11) 
Noting that Y1 = N1/Ntot, once can show that 
                                         N1 =
VC1,0NtotK1
(K1Ntot)+(VMsol)
         
                                          (12)
 
With a similar expression for N2. Substitution in Eq. 9 yields 
           Ntot =  
VC1,0NtotK1
(K1Ntot)+(VMsol)
+
VC2,0NtotK2
(K2Ntot)+(VMsol)
+ ((SDS)0 − (SDS)eq)V            (13) 
Where Ntot is total number of moles in the admicelle, N1 and N2 are moles of 
adsolubilized monomers, C1,0 and C2,0 are initial concentration of monomers, Msol is 
molarity of water and K1, K2 are partition coefficients of adsolubilized monomers and V 
is volume of aqueous phase. 
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Appendix –D Theory of Surfactant Science  
Introduction: 
Surfactants are vital components in biological systems, for key ingredients in consumer 
products and play an important role in many industrial processes. In addition to 
detergents and personal care products surfactants have found uses in almost every 
branch of chemical industry as well as in several other industries. The applications of 
surfactants in chemical industry are legion ranging from primary production processes 
to finished products. Figure D.1. demonstrates some important traditional and non-
traditional application of surfactants in industry.  
 
Figure D.1: Application of surfactants in different industries 
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Properties such as solubility, surface tension reduction capability, critical micelle 
concentration (cmc), detergency power, wetting control and foaming capacity help in 
increasing performance of surfactant in some applications as well as others.  The 
Surfactant a contraction of the term surface-active agent, when present in the system has 
the property of lowering the surface or interfacial free energies of the surfaces. 
Surfactants are usually organic compounds, which are amphiphilic with a hydrophobic 
tail group and hydrophilic head group (Figure D.2). Thus a surfactant molecule contains 
both water-soluble and water insoluble component. The water insoluble hydrophobic 
head group may extend out of the bulk water phase, into the air or into the oil phase, 
while the water-soluble head group remains in the water phase. The properties and 
application of surfactants are determined by the balance between solvent-loving and 
solvent-hating properties of the molecules. 
 
Figure D.2: Example of surfactant structure 
When surfactants molecules are dissolved in aqueous media, they tend to form 
aggregates, which are called micelles where the hydrophobic tails form the core and the 
hydrophilic head groups are in contact with the surrounding liquid. Several types of 
aggregates are formed depending on the type liquid media and concentrations of 
surfactant.  Figure D.3. shows an example of two different micelles with solubilizate in 
middle, the first micelle is an example of micelle formation in polar medium and second 
micelle is an example of reverse micelle in non-polar medium and can be classified as 
oil in water and water in oil solubilizate micelles.  
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(a)                                                                 (b) 
Figure D.3: Example of micelle formation with hydrophobic tail group and a 
hydrophilic head group (a) polar medium (b) non-polar medium  
Micelle formation is an important phenomenon of surfactant not only because of 
interfacial phenomena such as detergency and solubilization but also because it affects 
the surface and interfacial tension reduction that do not directly involve micelles. 
Micelles have become a topic of great interest because of their unusual catalysis of 
organic reactions and similarity to biological membranes and globular protein.  
Classification of surfactants 
 
Figure D.4: Surfactant classification according to head group 
(Obtained from 
http://upload.wikimedia.org/wikipedia/commons/d/d1/TensideHyrophilHydrophob.png) 
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The hydrophobic group of surfactant is similar in most types of surfactants, consisting 
of a hydrocarbon chain, which can be linear, branch or aromatic. Some flurosurfactants 
have hydrophilic tails containing fluorocarbon chains and siloxane surfactants. 
Surfactants usually have one or two tails; those with two tails are called double chained 
surfactants. Mostly surfactants are classified based on polar head group. The head of 
ionic surfactant has a net charge. If the charge is negative the surfactant is called anionic 
and if the charge is positive the charge is called cationic. If the surfactant does not have 
charge is called non-ionic surfactant and surfactant with two oppositely charged head 
groups are called zwitterionic.  
Anionic surfactant 
Anionic surfactants usually consist of hydrophile as negatively charged group such as 
sulfate, sulfonate, phosphate and carboxylates. Examples of anionic surfactant are 
sodium dodecyl sulfate, ammonium lauryl sulfate, linear alkylbenzene sulfonates, and 
sodium lauroyl sarcosinate.  
Cationic surfactant 
The hydrophile bears a positive charge as quaternary ammonium cations, amines. 
Examples of surfactants are cetyl pyridinium chloride, cetyl trimethylammonium 
bromide, benzethonium chloride.  
Non-ionic surfactant 
The hydrophile that has no charge but derives it water solubility from highly polar 
groups such as polyoxyethylene or R-polyol groups including sugars. Examples of 
surfactant are polyoxyethylene glycol, glucoside alkyl ethers, glycerol alkyl esters, 
polyethoxylated tallow amine.  
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Zwitterionic (amphoteric) surfactant  
The molecules that contains both positive and negative charge. Sulfo-betaines, 
phospholipids phosphatidylserine, phosphatidylcholine are some examples of 
zwitterionic surfactants.  
In general hydrophobic groups may be significantly more varied than hydrophile. 
Variation of hydrophobic groups such as long straight chain alkyl groups, branched 
chain alkyl groups, unsaturated alkenyl chains, alkylbenzenes, alkylnapththalenes, 
fluoroalkyl groups (partially or completely fluorinated), polydimethylsiloxanes, 
polyoxypropylene glycol derivatives, biosurfactants and derivatives of natural and 
synthetic polymers.  With a wide variety of structures, possibility of searching a 
surfactant for an application would be a significant problem. 
Surface tension/interfacial tension 
A surface or interface can be described as the boundary between immiscible phases. 
Geometrically single surface exits between two surfaces. There are basically five types 
of surfaces (1) solid-vapor (S/V) (2) solid-liquid (S/l) (3) solid-solid (S/S) (4) liquid-
vapor (L/V) (5) liquid-liquid (L/L).  Traditionally interfaces involve one vapor and one 
condensed phase.  When understanding the surface and interfacial phenomena, one 
needs to understand that atoms and molecules located at interface will experience 
different force field fields compared to the bulk materials. When involving water at 
interface there is an existence of electrical potential across the interface as the 
electrostatic effects are most important in aqueous suspensions, dispersions, emulsions, 
foams and aerosols often contributing to the overall stability of the system. The 
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interfacial energy and electrical statistics of a system are determined by quantities such 
as temperature, pressure and chemical composition of the phases.  
The surface tension or surface energy of a material either liquid or solid can be 
significantly altered by small changes in its bulk composition. Addition of a surfactant 
to the system will change the surface tension, as the surfactant presence will change the 
net free energy for the system at the interface. The surface tension of the liquid is 
determined by the energy of the molecules in interfacial region and displacement of 
surface molecules at the interface. Various surfactant types are differentiated by the 
relationship between chemical structure of an adsorbing molecule and rate and 
extension of adsorption under different circumstances. The extent of reduction of 
surface tension depends on the substitution of surfactant molecules at the interface. The 
relative concentration of surfactant in bulk and interfacial phases should serve as an 
indicator of adsorption efficiency of surfactant and as a quantitative measure of the 
activity of the material at solution-vapor interface. The presence of surfactants will 
either raise or lower the surface tension, although very small amounts of surfactants 
reduce surface tension of water by 50% or more while a fully saturated electrolyte will 
increase by only few millinewtons per meter (mN/m). The changes in the surface 
tension of liquid by addition of surfactant can be a quantitative indicator of changes to 
be expected in interactions with other phases. The surfactants because of their 
hydrophilic-hydrophobic interactions drive them to reduce unfavorable energetic 
interactions by adsorption, aggregation, precipitation or phase separation. When low 
concentrations of surfactant are present in the system, the high-energy bulk phase 
molecules at interface are replaced by surfactants thus reduction of overall free energy 
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of the system. In a low concentration environment of surfactant, distortion caused by 
hydrophobic group increases the overall energy of the system thus the surfactant will 
preferentially adsorb at the surface/interface. As the concentration of surfactant 
increases, to reduce the overall energy of the system, surfactants tend to form 
aggregation or micellization (Figure D.5). The hydrophilic-hydrophobic structure of 
surfactant not only causes alteration of surface tension but also causes the orientation of 
adsorbed molecules such that the lyophobic groups are directed away from the bulk 
solvent phase. The hydrophilic group also serves the purpose of imparting sufficient 
water solubility to the molecule to provide a workable concentration to surfactant. The 
hydrophobic group plays two important roles in determining surfactant properties, 
favorably alter the energy of interaction between liquid interface and the contacting gas 
molecules and preferentially adsorb at the water/vapor interface. 
 
Figure D.5: Aggregation or micelle formation in surfactant 
The efficiency and effectiveness of surfactant decreases when slightly polar groups like 
ether, ester, amide linkages or hydroxyl groups are introduced into system compared to 
system with no polar units. Because of polar units, change in orientation of adsorbed 
molecules at surface occurs due to interaction of polar groups and the water. If the polar 
group is situated close to primary hydrophilic group, very minimal effect was observed 
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but there might be a significant effect on the cmc of the material. Change in 
hydrophobic group where fluorine atoms are substituted, significant increase in the 
efficiency and effectiveness of surfactant is observed. Fluorinated organic materials 
have relatively low cohesive energy density and therefore have very favorable 
thermodynamic driving forces for adsorption leading to high efficiency as well as low 
surface energies.  
 
Figure D.6: Modes of surfactant action for the reduction of surface and interfacial 
energies (obtained from Chapter 4 in Surfactant Science and Technology 3rd edition, 
Drew Myers) 
Surfactants in solution 
As the special molecular structure of surfactants, possess a love-hate relationship in 
most solvents, resulting in among competing forces striving for a comfortable 
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accommodation in a given environment. The primary mechanism for energy reduction 
in liquids is adsorption at available interfaces, but when all interfaces are saturated the 
mechanism is the crystallization or precipitation of surfactant from solution. The 
alternative options include the formation of micelles, liquid crystals mesophases that 
remain in solution as thermodynamic stable, dispersed species with properties from 
those of monomeric solution (Figure D.6). Most common surfactants have a substantial 
solubility for water, but changes with significantly changes with length of hydrophobic 
tail, nature of head group, the electric charge of the counterion, temperature and 
solution environment. For example, many ionic surfactants have increased overall 
solubility when the temperature increases.  
The solubility of the material depends not only on the solubility of monomeric material 
but also the solubility of the micelles or other aggregates structures. The important 
characteristic of a surfactant in solution relative to critical concentration at which 
thermodynamic concentrations results in onset of micelle formation or molecular 
aggregation. Since micelle formation is of critical importance for many applications of 
surfactant, over understanding of surfactant structure-property relationship is an 
important element. When one considers range of structures for surfactant molecules in 
presence of solvents, the nature of structure depends on the chemical structure of 
surfactant, the total bulk-phase composition, temperature, pH, cosolutes etc.,  
Critical micelle concentration (cmc) 
The micelle can be viewed as structurally resembling the solid crystal or a crystalline 
hydrate so that the energy change in going from crystal to the micelle is less than the 
crystal going to monomeric species in solution. The formation of micelles 
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thermodynamically favors the overall increase in solubility. At a fixed temperature, the 
concentration of surfactant may increases or decrease slightly at higher concentrations 
but the formations of micelles will be predominant above a critical surfactant 
concentration called critical micelle concentration (cmc). Several factors affect the cmc 
of surfactant in aqueous solution. The factors include structure of surfactant, presence of 
added electrolyte, presence of organic compounds in solution, presence of second liquid 
phase and temperature of solution. The cmc of surfactant decreases as the hydrophobic 
character of surfactant increases. In aqueous medium the cmc of surfactant decreases as 
the number of carbon atoms increase to about 16. If the hydrophilic group position is 
moved from terminal position to central position of hydrophobic group, there is an 
increase in cmc of surfactant. If the degree of binding of the counterion in aqueous 
solution increases there is a decrease in cmc of surfactant. The presence of electrolyte 
has a profound effect only in case of anionic and cationic surfactants compared to 
zwitterionic and non-ionic surfactants. The change in cmc of zwitterionic and non-ionic 
in presence of electrolyte is due to “salting out” or “salting in” of the hydrophobic 
groups in aqueous solvent. Small amounts of organic materials may change the cmc in 
aqueous media. As some of the materials may be present as impurities or by products by 
the manufacture of surfactants. Materials such as alcohols, amides does affect the cmc 
at lower liquid phase concentrations but materials like urea, formamide and 
guanidinium salts affect the bulk phase concentrations of the surfactant. The presence of 
secondary liquid phase has a very little effect on the cmc of surfactant. The effect of 
temperature on in aqueous medium on cmc of surfactant is complex. The values of cmc 
would decrease with increase in temperature and then to increase with further increase 
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in temperature. Temperature increase will cause decreased hydration of the hydrophilic 
group which favors micellization.  
The phases occurring between micelles and crystals are natural consequences of 
removal of water from water from micellar system but do not constitute 
thermodynamically distinct states. The hydrophilic group may possess an electrostatic 
charge so that the process of adsorption or micellization can introduce electrostatic 
repulsions, which act to inhibit the removal of molecule from the system. Concentration 
of micelle formation and micellization of a given surfactant are determined by relative 
balance of forces favoring and retarding the molecular aggregation process. The shape 
of micelle produced in aqueous media is of importance in determining various 
properties of solution such as viscosity, capacity to solubilize water molecule. Major 
types of micelles appear in solution are (1) spherical structure (aggregation number < 
100), (2) elongated cylindrical, rod-like micelles with hemispherical ends, (3) large, flat 
lamellar micelles, (4) vesicles – more or less spherical micelles arranged in one or more 
concentric spheres. In aqueous media the surfactant molecules are oriented, in all these 
structures with their polar heads towards aqueous phase and their hydrophobic groups 
away from it. In vesicles, there will also be an aqueous phase in the interior of the 
micelle. In non-polar media, the structure of micelle remains same but the hydrophilic 
head comprise the interior region and hydrophobic groups and non-polar solvent as 
outer region. Dipole-dipole interactions hold the hydrophilic groups together in the 
core. Structural changes occur when the temperature, concentration of surfactant and 
additives in liquid phase differ. Structural groups in surfactant may cause the change in 
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size, shape and aggregation number of micelle with the structure varying from spherical 
through rod or dislike to lamellar in shape.  
 
 
 
 
 
